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The thesis aims to address the problem of the optimization of daylighting 
performance of horizontal light-ducts to achieve uniform daylight distribution 
in a typical office space. The performance of the current horizontal light-duct is 
investigated and the limitation is identified: the uniformity of internal daylight 
distribution is not satisfactory and it may raises issues for visual comfort.  
A performance based design approach is proposed to improve the current design. 
A quantifiable design target for the light-duct performance is identified so that 
the performance of a design could be objectively evaluated. In this project, with 
considering relevant code and standards, the target is to achieve uniform 
illuminance value (300 lx with standard deviation 50 lx) on working plane in the 
rear half of a normal office space.   
After analyzing the influences of different components of a light-duct on 
daylight distribution, the opening design on the bottom panel and inner reflector 
are chosen as the objects to optimize. A tool chain is developed in 
Rhino-Grasshopper platform which combines three parts: a ray tracer to 
simulate light reflections inside the light-duct, a performance evaluation 
method to assess performance of the light-duct and an evolutionary algorithm 
for optimization. The parameters which define the shape of openings on the 
bottom panel and form of the inner reflector are optimized using the evolution 
algorithm based on the performance evaluation result. The optimized bottom 




The outcome of the proposed method is promising. For both of the bottom panel 
and inner reflector, the absolute value of horizontal illuminance and uniformity 
of light distribution increase after the optimization using the proposed method. 
The opening shape on the bottom panel does not have a dominating role for 
light distribution from light-duct and the optimized result still could not achieve 
the design target. On the other hand, the inner reflector has shown great 
potential to improve the performance of the light-duct and the light-duct with 
optimized inner reflector could supplement daylight from window and achieve 
uniform daylight level in a deep room.  
Different bottom panels and the optimized inner reflector are fabricated and 
measured with a 1:5 scale model of the light-duct. The measurement result 
confirmed some of the findings in the design process. Due to limitations for the 
experiment and fabrication imperfection, simulated performance of the 
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Chapter 1 Introduction 
The goal of the work described in this thesis is the optimization of the daylight 
performance of a horizontal light-duct. The current light-duct is reviewed in 
Chapter 2. The limitation of it is identified as that the uniformity of internal 
daylight distribution is not satisfactory which may raise issues for visual 
comfort. A performance base design approach is proposed to improve the 
current design and the basic principles are reviewed. In order to manipulate the 
form of light-duct efficiently, the models of the light-duct is developed using 
parametric design software. Evolution Algorithm is chosen as the main 
algorithm to optimize the performance of the light-duct. The concepts for 
parametric design and evolution algorithm are also introduced in Chapter 2. 
The hypothesis of the research work is defined in Chapter 3. It is developed 
from relative standards, research objects and performance targets. This 
statement guides each process in the entire research work. Research 
methodology is also identified in this chapter. The structure of the research 
work is summarized and the underling connection is illustrated. 
Chapter 4 presents the method to optimize the performance of a light-duct. A 
tool chain including a ray tracer for light simulation, an integrated light-duct 
performance evaluation method and an evolution optimization algorithm is 
established in parametric modeling environment Grasshopper. The two 
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components of a light-duct which influence daylight distribution: bottom panel 
and inner reflector are optimized separately with the tool chain. The simulation 
result from Radiance shows that the design target is achieved by the light-duct 
with optimized inner reflector. 
A 1:5 scale model of the light-duct with different bottom panels and optimized 
inner reflector is fabricated and the details are presented in Chapter 5. The 
measurement results and the simulation results from Chapter 4 are compared. 
The possible reasons of the differences between digital physicality and physical 
digitality are discussed. 
Chapter 6 summaries the findings in the experiments and the observations 
during the design process are investigated. The limitations of the proposed 
method are analyzed and potential solutions are suggested. The thesis concludes 
with suggestions for the practical application of the improved light-duct and 




Chapter 2 Background 
The intention of this chapter is to review and analyze the literature of related 
concepts used in this thesis: light-duct, performance based design, parametric 
design and its optimization. The literature of light-duct is reviewed first and the 
limitation of the current light-duct design is discussed. The concept of 
performance based design is proposed as the solution to improve the current 
light-duct which is introduced in section 2.2. The advantage of performance 
based design over other method is analyzed and the procedures to implement it 
are described. In section 2.3, the literature of parametric design is reviewed. 
Only with the advantage of it, the method used to improve the performance of a 
light-duct presented in this thesis becomes possible. The evolution algorithm is 
also introduced which is implemented in this thesis to optimize parametric 
model based on its performance.   
2.1 Light-duct 
In the past few decades, as the world concerned with climate change and energy 
conservation, much research has been conducted looking at the advantages of 
using natural daylight as an alternative to electric lighting. Daylight system 
represents a free source of illumination of building’s internal spaces. After 
installation, most daylight systems require no energy to run or maintain them 
while continues natural light been provided in their lifetime of service. The 
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power saved in an office building with light pipes can be up to one third of an 
ordinary consumption (Sekine, 2003). Building occupants could also benefit 
from daylight for psychological reasons. There are ample evidence that access 
to windows affect mood motivation and productivity at work, through reduced 
fatigue and stress (Kheira & Gray, 1993). 
In Oxford dictionary, daylighting is defined as “the illumination of buildings by 
natural light”. However, this definition does not answer the question how 
natural light could be introduced into buildings. Daylight can directly transmit 
through openings such as windows or from daylight systems such as light pipe 
and light duct which could reflects daylight from other openings into buildings. 
Windows are the most common way to admit daylight into buildings. They 
could illuminate the interior and give visual connection between interior and 
exterior environments. However, the limitation of windows is also obvious, the 
heat insulation property of normal windows is poor and in tropical regions such 
as Singapore, this makes windows as heat sources and increase the load of the 
cooling system. As daylight levels decrease asymptotically with distance from 
the window, a disproportionate amount of daylight and associated heat gain 
must be introduced into the front of a room to provide small amounts of daylight 
at the rear (Mayhoub & Carter, 2011). With these limitations considered, 
daylight systems are invented as supplement for windows to achieve a better 




Figure 2.1: First commercial reflector system developed by Paul Emile Chappuis in 
1850s. 
The concept of using reflector to introduce daylight into buildings was first 
presented by Paul Emile Chappuis in Landon in 1850s (Science & Society 
Picture Library, 2010). His commercial reflector system was equipped with 
various forms of angled mirror designs. Chappuis Ltd's reflectors were in 
continuous production until the factory was destroyed in 1943. After the energy 
crisis of 1973, this concept was rediscovered and many different novel 
daylighting systems and products have been developed. Solatube International 
of Australia invented and patented vertical light pipe in 1986 (Solatube 
International, 2010). Their products involved a light-capturing system on the 
rooftop that redirected light down through a highly reflective cylinder to a 
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diffuser at the ceiling level.  Horizontal daylight system known as light-duct 
was also developed around the same time (Urriol, Lara, & Piacentini, 1987).  
These daylighting systems are often been categorized as passive daylight 
guidance system because they collect sunlight using static, non-moving 
reflectors. Active sunlight collector design which can track and/or follow the 
sun was introduced to both vertical and horizontal daylight guidance systems 
years later after the original passive daylight system design (Canziani, Peron, & 
Rossi, 2004).  Active daylight guidance system increase the efficiency of light 
collection for clear sky as the reflector could vary its inclination according to 
the incident sun-beam angle determined by the different sun’s positions. 
However, for overcast sky condition, active daylight guidance system does not 
show significant improvement compare to passive designs. This is because 
under overcast sky conditions, skylight is distributed uniformly over the entire 
sky dome and sun-beam is so weak that could be ignored in practice. With the 
additional complex mechanical devices and extra cost into account, passive 
daylight guidance system is preferable for overcast sky conditions.  
A special light guidance system known as “Anidolic Ceiling” was designed in 
conjunction with an international program on daylighting in Europe in 1998 
(Courret, et al., 1998). Unlike most of the daylight systems designed to capture 
sunlight under clear sky conditions and redirect the direct component of 
daylight toward the deep interior, “Anidolic Ceiling” is designed to collect and 
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redistribute diffuse light rays efficiently under overcast sky condition which 
dominate Central Europe climate. This device consists of a horizontal light-duct 
that is integrated in a suspended ceiling and leads midway into the office. The 
anidolic elements (non-imaging optics) are placed on either end of the duct, on 
the outside to collect diffuse light from the sky and on the inside to control the 
direction of the emitted light. 
 
 
This design was tested and monitored with a full scaled model under overcast 
sky conditions; the performance is outstanding that it allows electricity savings 
of a third of the consumption for lighting (Scartezzini & Courret, 2002). 
Following researches on anidolic daylight system include performance 
evaluation under different sky conditions  (S. K. Wittkopf, 2007) and different 
daylight climates (S. K. Wittkopf, Yuniarti, & Soon, 2006), On-site 
Figure 2.2: Cross-section of a rest room fitted with an Anidolic Ceiling 
(Courret, Scartezzini, Francioli, & Meyer, 1998) 
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performance of an anidolic daylighting system (Page, Scartezzini, Kaempf, & 
Morel, 2007), energy performance of an office room equipped with anidolic 
daylighting system (Linhart & Scartezzini, 2010) and anidolic collector shape 
optimization (S. Wittkopf, et al., 2010). Similar to Central Europe, overcast sky 
conditions also dominate in Singapore. This is the reason that this research 
focus on improving anidolic daylight system. 
The assessment of performance and numerical simulation both shows that 
light-duct  systems could improve daylight penetration into a deep room 
(Scartezzini & Courret, 2002). However, the performance of the current design 
still has its limitation: daylight distribution uniformity. 
 
 
Figure 2.3: Performance of current anidolic ceiling. Comparison of simulated daylight 
factor profiles in the room with anidolic ceiling and a reference room. (Courret, 




Light-duct was invented to compensate the limited daylight penetration from 
windows. It is designed to channel the daylight into the deep room so that the 
rear half of the room could be directly illuminated by the light-duct and a better 
lighting environment is achieved. However, good lighting requires equal 
attention to the quantity and quality of the lighting. For extreme cases, unevenly 
distributed light could result high level of contrast and cause discomfort glare 
problems. Uniformity of daylight distribution from the current light-duct 
design is far from satisfactory. Shown by both simulation result and 
measurement result: in the testing room equipped with the current light-duct, 
illuminance level on working plane drops over 200 lux (converted from 
daylight factor shown in Figure 2.3) for just 1 meter from the position under 
the diffuser to the deeper part of the testing room (Gilles Courret et al., 1998). 
The reason for this non-uniform daylight distribution is that there is only one 
diffuser installed at the end of current light-duct design. All the light used to 
illuminate the interior is collected from outside and redirected out through this 
opening which has a very limited area. According to inverse square law for 
point light source, the illuminance received on a surface is inverse 
proportional to the distance from the light source. Therefore, the current 
light-duct design, which has only one diffuser with limited area, could only 
illuminance a small area under the diffuser and this lead to the non-uniform 
daylight distribution recorded in the experiment. As suggested by the inventor 
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of the daylight system, large open space offices could provide excellent 
integration opportunities for horizontal light-duct. However, for the current 
light-duct design, the limitation discussed above actually becomes more 
obvious for large opening space. The reason is that comparing to normal office 
spaces, if large open spaces are equipped with light-ducts and depend on them 
for ambient lighting, the area could be illuminated by the light-ducts remains 
the same. As the total area increase significantly, the uniformity of daylight 
distribution will suffer. Thus, the imperfection of the current light-duct design 
not only limits the daylight performance of it, but also restricts the application 
potentials. 
With a clear understanding of the limitation of the current light-duct design, 
the question then arises: how to improve the current design? 
2.2 Performance based design 
Performance-Based Design is an approach which focuses on the demanded 
requirements and required performance in use of a design task, in order to 
results instead of the prescription approach in a traditional practice which 
regulate the way and the method to get things done. The performance approach 
in building is not new. The obelisk in Louvre recorded King Hammurabi of 
Babylonia’s quote which dated nearly 40 centuries age, it said “The builder has 
built a house for a man and his work is not strong and if the house he has built 
falls in and kills a householder, that builder shall be slain.” This performance 
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based concept is also found in the essay on Architecture written by Vitruvius 
more than 2000 years ago (Becker & Foliente, 2005). However, as knowledge 
of the specification of material properties, structures and other technological 
details which are known to provide adequate performances been developed, 
building-related professional literature accumulated. Consequently, the 
approach adopted in those days, and until less than half a century ago, was that 
building process continued to base on procedures, solely based on 
experience-based validated know-how embedded in clear and strict 
prescriptions mandated by laws, regulations, codes and standards. By this, 
assessment of design solutions  and  construction  details turned  into  a  
simple  technical  procedure  composed  of  comparing  the  proposed  
design  and  executed details with their standardized prescriptions which 
stifled innovations and changes. 
Opposed to the traditional prescription approach, the performance based 
approach for building process began to emerge again during the last 50 years. 
With demands from industry for more flexible building procedures, the 
reintroduced Performance-based building design approach focuses on the target 
performance required for the building process and the needs of the users. It is 
about the defining of the requirements and fitness for purpose of a building, 
constructed asset or facility, or a building product, or a service, right from the 
outset (Szigeti & Gerald, 2005) which is opposed to the more traditional, 
12 
 
prescriptive approach, which is concerned with describing type and quality of 
materials, method of construction, workmanship, etc. On International Council 
for Research and Innovation in Building and Construction (CIB) Working 
Commission W060, Gibson gave the clearest definition of Performance-based 
building design. He stated that “The Performance Approach is the practice of 
thinking and working in terms of ends rather than means. It is concerned with 
what a building or a building product is required to do, and not with prescribing 
how it is to be constructed”(Gibson, 1982). 
The building facility is an integrated system from various components. The 
main design areas where performance based design and procurement is applied 
are service engineering (acoustics, lighting conditions, indoor climate, air 
quality, and so on), energy consumption and maintenance (Spekkink, 2005). 
These sub-systems or components require relevant user requirements which 
should be established by a large number of stakeholders (the users, 
entrepreneur/owner, regulatory framework, design team, and manufacturers). 
Suggested by Performance Building Design Thematic Network, the process of a 
performance based design includes the following three steps (Becker & Foliente, 
2005): 
1. Identifying and formulating the relevant user requirements, 
2. Transforming the user requirements identified into performance 
requirements and quantitative performance criteria, 
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3. Using reliable design and evaluation tools to assess whether proposed 
solutions meet the stated criteria at a satisfactory level. 
Performance based design is essentially a client oriented way of thinking and 
working. Therefore, user demands need to be carefully identified in the first 
place. User needs comprise a dynamic set of requirements, established by the 
clients, the investors, the design team, the contractors, as well as laws, 
regulations, codes and standards. However, some of the requirements from 
users might require too costly solutions or even make the design impossible to 
implement. As a result, user needs should be analyzed and carefully selected. 
Essential requirements and optional requirements need to be identified and 
addressed to suit each design task. 
In the second step, user requirements need to be translated to clear performance 
requirements which are quantifiable for design evaluation or physical factors 
that could be monitored as performance indicators. The performance 
requirements and performance indicators should be in compliance with 
regulations, well understood, and preferably amenable to computational 
analysis so that performance of the generated design solutions could be 
predicted. 
After the design been implemented with accepted design tools, they need to be 
tested with verified assessment methods for their performance. The design 
solution must be evaluated with response to the user needs, performance 
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requirements and performance indicators. The feedback from the performance 
evaluation could guild the process of the design implementation for further 
improvement until the demanded criteria are fully established.  
Light-duct as part of service engineering (lighting conditions) provides perfect 
design opportunity to implement the performance based design concept. 
Following the three steps to implement a performance based design, the task to 
design an improved light-duct could also be categorized to three steps. With 
light-ducts equipped to office space, building occupants expect better daylight 
performance than normal office buildings. These requirements could be 
identified as brighter and more comfortable lighting environment which could 
be translated to quantifiable performance indicators such as horizontal 
illuminance and uniformity of daylight distribution. The next critical step is 
how could the design solution be developed and evaluated to meet the 
performance targets. 
2.3 Parametric design and optimization  
Traditionally, designer and architects draw geometric objects such as lines, arcs 
and circle on paper. Conventional Computer Aid Design (CAD) systems are 
just straightforward emulations of this hundreds-years-old mean of work and 
making a design change requires changing all related components in order to 
make the drawing correct. The parametric design approach, different from the 
conventional method, does not model the entire object directly, but linking 
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dimensions and variables to its components in such a way that when the values 
change, all other parts change accordingly. As part of the nature of the design 
process, designers need to modify their work constantly. The parametric model 
performs remarkably faster for designer to test out different alternatives because 
it could adapt the changing values for the parameters and reconfigure without 
erasing and redrawing. 
For parametric design, the parameters define the relations between different 
parts and express the concept of the design. It change the conventional process 
of designing and let the designer focus on the design attributes which are 
represented as parameters in the design. Indeed, “Parametric is more about an 
attitude of mind than any particular software application.” (Woodbury, 2010). 
This makes the parametric model conceptually stronger than conventional CAD 
models. Developing forms from parameters requires rigorous thinking in order 
to build a sophisticated geometrical structure embedded in a complex model 
that is ﬂexible enough for doing variations. Therefore, the designer must 
anticipate the variations need to be explored in order to determine the kinds of 
transformations the parametric model should do (Hernandez, 2006).  
The first computer-aided design system was parametric. Ivan Sutherland’s PhD 
thesis in 1963, parametric change and the representation which could adapt to 
the change is one of the core functions (Sutherland, 1980). Nowadays, a 
parametric model can be accomplished spreadsheets, script such as AutoLisp 
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or extensions of conventional CAD platforms. More recently CAD software 
offer integrated design environment of traditional sophisticated 
three-dimensional interactive interfaces and parametric functionality with 
graphical user interface (GUI). This kind of application is described as 
parametric software and typically provides the option to use a scripting 
language to further customize the parametric functionality. Rhinoceros from 
Robert McNeel & Associates is a commercial NURBS-based 3-D modeling 
software with reputation on its flexibility to model free form surfaces (Robert 
McNeel & Associates, 2012a). With this conventional CAD platform, 
Grasshopper, a graphical parametric modeling plug-in was developed and 
tightly integrated with it (Davidson, 2012). Since first release in September in 
2007, it has become popular among student and professionals as it provide an 
intuitive way to explore designs. The models presented in this thesis are all 
developed in Rhino and Grasshopper.  
The current application of parametric in the architectural field has been 
criticized as superficial and skin-deep (Sakamoto & Ferr©*, 2007). Partially it 
is because the recent architectural production has been dedicated towards a 
post-post-modern architecture of radical distortion and enthusiastic to generate 
twisted hyperbolic forms, stretched out shapes, extreme continuity of planes 
and surfaces, etc. Sakamoto believes that architecture should perform rather 
than simply form (Sakamoto & Ferr©*, 2007). A parametric work should 
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associate with the principle: form follow functions and has a more solid 
meaning structurally, environmentally, economically, or in multiple formal 
arenas.   
Some of the recent CAD software development make the combination of 
performance based design and parametric design possible. A new design 
approach was developed based on this combination. It uses the performance 
based design concept to guide the design process and implement the designs 
with parametric model. The new approach takes the advantage of parametric 
models and achieves optimized design solution by exploitation of analytical 
output of generations of continuously modified design options. It outsides the 
traditional design approach which is based on generation of single solution and 
evaluation, and enables a deeper exploration of possible design solutions. 
Parametric model allows designers to change fast between different designs 
alternatives and search for the optimized design solution. It is also important to 
apply systematic algorithm to guide this search and make the optimization 
process more efficient. Evolutionary algorithm is one of the optimization 
algorithms that could highly integrate into the design process. Evolutionary 
algorithms are general purpose search techniques inspired by natural evolution. 
It was introduced by John Holland in the early 1970s (Hooker, 1995) and 
became popular beyond the programmer world after 1986 because of the book 
“The Blind Watchmaker” from Richard Dawkins (Dawkins, 1986). 
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Evolutionary algorithm ideally does not make any assumption about the 
underlying fitness landscape generally and performs well to find exact or an 
approximate solution in various domains including engineering, computer 
science, biology, social science and architecture (Janssen, 2006). 
Evolution algorithm is a probabilistic search algorithm based on the mechanics 
of natural selection and natural genetics. To apply the algorithm for parametric 
model optimization, parameters in the model are represented as chromosome. 
Different combinations of the chromosome became a set of solutions called 
population. Its number is preserved throughout each generation. All 
chromosomes in each generation are evaluate and the fittest (the best) 
chromosomes could survive and produce offspring resembling them which 
become the next generation. Therefore, the overall fitness of the population will 
increase over the generations until the end condition is satisfied. When 
producing offspring, crossover and mutation randomly occurs. This increases 
the searching range and enables the evolution algorithm to find global 
optimized solution. 
In this thesis, the combination of the tools introduced above: performance based 
design, parametric design and evolution algorithm, is applied to improve 
performance of a light-duct. Performance design concept guilds the design 
process, defines the design procedures and guarantee the performance of the 
final design solution. The parametric model makes the free form much easier 
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and more controllable to generate. The nature of parametric model let the 
modification of the entire model reasonably fast and thousands of generations 
are exploded and evaluated by evolution algorithm. The details of the process 
including the modeling details, the evaluation method and evolution algorithm 




Chapter 3 Research Topic 
The hypothesis of the research work is defined in this chapter. After determine 
the performance target based on relevant standards and analysis of the 
components of a light-duct, section 3.1 is concluded with the hypothesis in this 
thesis. This statement guides each process in the entire research work. Research 
methodology is identified in section 3.2. The structure of the research work 
including identifying design requirements, setting performance targets, design 
development, measurements of prototypes and result analysis is summarized 
and the underling connection is illustrated. 
3.1 Hypothesis 
The hypothesis of this research is that by optimizing the components of a 
light-duct, office spaces with the improved light-duct could achieve better 
daylight performance especially improved daylight distribution uniformity. To 
carry out further studies based on this hypothesis, the performance target need 
to be defined in quantifiable manner and the design objects need to be 
determined.  
For a performance based design task, before time is invested on design details, 
performance criteria and performance target need to be settled first. 
Fundamentally, performance is the measurement of achievement against 
intention on a set of criteria. The communicated performance is a measure of 
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the satisfaction on the determined criteria (Rush & American Institute of 
Architects., 1986). The performance criteria should be quantifiable so that the 
performance could be evaluated objectively. This is important as it makes 
comparison of performance between different designs possible and therefore a 
design could be optimized based on its performance.  
For a light-duct, the main criteria of performance are illuminance absolute value 
and illuminance distribution uniformity. Illuminance has a major impact on 
how quickly, safely and comfortably a person perceives and carries out a 
visual task. Sufficient illuminance on task plane is essential for work places and 
all lighting standards for workplaces have recommended illuminance levels 
(Standardisation Department SPRING Singapore, 2006). Good lighting is not 
just about quantity of light but also about the quality as in many instances the 
visibility depends on the way in which the light is delivered. Uneven 
distributed light may result large contrast in the occupants’ view which causes 
discomfort glare and thus reduce productivity together with other 
psychological effects. The qualitative term uniformity could be represented by 
the standard deviation of illuminance values along the direction of daylight 
penetration. 
After the quantifiable performance criteria been determined, the performance 
target of the design task also needs to be set. From the nature of the performance 
criteria, there are physiological, psychological, sociological, and economic 
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limits of the performance.  The desired performance could affect all aspects 
and therefore need an overall consideration. The limits are often translated into 
codes and standards which provide useful guidance for designer to set the 
target.  
As daylight is not stable, being a daylight redirecting device, light-duct is not 
suitable for task lighting which requires constant illuminance level. However, it 
fit the role of ambient light source perfectly. Ambient lighting provide overall 
lighting in a room which allows path finding and basic visual recognition 
(Karlen & Benya, 2004). Light-duct could redirect daylight to the deep room 
and compensate daylight level decrease from window. Therefore, window 
coupled with light-duct could provide good ambient light during normal 
working hours.  
Some of the green building guidelines specify requirements for daylighting 
usage as ambient light. Leadership in Energy and Environmental Design 
(LEED) daylight Credit EQ8.1 requires minimum 300 lx for more than 75% of 
space (U.S. Green Building Council., 2007). American Society of Heating, 
Refrigerating and Air Conditioning Engineers (ASHRAE) Standard 189.1 also 
requires illuminance of at least 300 lux on a plane 3 feet (1 m) above the floor, 
within 75% of the area of the daylight zones. Following these standards, the 
performance target of light-duct in this project is set to 300 lx in all light-duct 
dominated areas which is an improvement from the 75% in the standards (U.S. 
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Green Building Council. et al., 2010). 
 
 
Figure 3.1: Type 5 collector presented in (S. Wittkopf et al., 2010). Dimensions of 
components in millimeter. 
After determine the performance criteria and performance target, the design 
targets need to be investigated and selected. A horizontal light-duct is a system 
composed of multiple components as shown in Figure 2.2. The most important 
components include: the collector, the reflective duct, the openings on the 
bottom panel of the reflective duct and the inner reflector. All of these 
components influence the amount of light could be delivered by the light-duct 
and the way it is distributed. The collector design and the light-duct body are 
beyond the scope of this thesis. The collector used in this thesis is the type 5 
collector presented in (S. Wittkopf, et al., 2010) (Figure 3.1). Among all the 
collector designs, it works most efficiently under overcast daylight condition 
and has the lowest attenuation for the collected light along the reflective duct.  
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The reflective duct is modeled the same as the light-ducts in Zero Energy 
Building (ZEB) in Building & Construction Authority (BCA) Academy in 
Singapore which are 7.5m long with fixed 0.5m high, 1.5 m wide square 
aperture. The focus of this thesis is on the design of openings on the bottom 
panel and form of the inner reflector. These two components are designed in 
parametric models and improved by evolution algorithm based on their 
performance evaluation. The details of the performance evaluation method are 
presented in Chapter 4. 
After the above investigations, the hypothesis of this research becomes that by 
optimizing the opening design on the bottom panel and shape of inner reflector, 
the improved light-duct could achieve the performance objective which is 
uniform illuminance value (300 lx with standard deviation 30 lx) on working 
plane in the rear half of the testing room. 
3.2 Methodology 
The research presented in this thesis is carried out in five steps: identifying the 
design requirements, setting performance targets, design developments and 
optimization, measurement of prototype and result analysis. Following general 
procedures for performance based design, the requirement for the light-duct is 
defined in the first step: the light-duct could provide enough daylight in a deep 
open space and result a uniformity distributed daylight environment. In the 
second step, the requirements from users are analyzed and translated to 
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quantifiable performance targets: the amount of daylight is represented by 
horizontal illuminance value which is targeted at 300 lx on working plane; the 




Figure 3.2: Flow chart of the structure of the research work. 
As discussed in the hypothesis, two main components of the light-duct could 
affect the light distribution are the openings on the bottom panel and the inner 
reflector. Following general experimental research principle, for variables with 
unclear correlation, the experiment should be done in such way that for each 
experiment only one variable is manipulated while the rest of the variables 
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remain. Using this method, the influences on the result for each variable are 
clear from observation. The correlation of the parameters could be analyzed as 
the last procedure. For the two components of the light-duct, as the correlation 
of the influences on daylight distribution is not clear, openings on bottom 
panel and inner reflector are designed separately but evaluated with the same 
method. The design development is carried out in steps as shown in Figure 3.2. 
After the parameters in the parametric model have been optimized by the 
evolution algorithm, the final design for the bottom panel and the inner 
reflector are simulated with lighting simulation software Radiance (Gregory & 
Robert, 1998). This step validates the performance of the final design before 
they are fabricated.  
The prototypes of the bottom panel and the inner reflector are fabricated in 1:5 
scales. The bottom panels are fabricated with acrylic board by laser machine. 
The curved surface of the inner reflector is fabricated with Medium Density 
Fiberboard (MDF) by Computer Numerical Control (CNC) machines. The 
fabricated prototypes are installed in a light-duct model with the same scale and 
tested in lab condition with a solar simulator. These measurement results are 
compared to the simulation results and the possible reasons of the differences 




Chapter 4 Light-duct performance based 
design 
This chapter presents the method to optimize performance of a light-duct. A tool 
chain including a ray tracer for light simulation, a light-duct performance 
evaluation method and an evolution optimization algorithm is established in 
parametric modeling environment Grasshopper. The tool chain offers a 
considerable advance on previous methods. Section 4.1 describes the different 
modules of the tool chain and the network between them is discussed. The two 
components of a light-duct which influence daylight distribution, bottom panel 
and inner reflector, are optimized separately with the tools. Section 4.2 and 4.3 
presents the modeling, optimization and evaluation processes for the two 
components. 
4.1 Development of testing environment 
4.1.1 Testing condition 
 In order to evaluate performance of different light-duct designs, daylight 
condition in a testing room equipped with light-duct need to be compared to a 
conventional office room. The two test rooms are modeled facing south with the 
indoor surfaces achromatic and pained white or grey (Figure 4.1). Outdoor 
ground is also modeled to ensure accuracy of the simulation as the diffuse 
reflection from outdoor ground also contributes to indoor illuminance level 
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(Figure 4.2). To allow a sound comparison of daylighting performances, the two 
rooms have strictly identical geometrical and photometrical indoor features:  
 
Internal dimensions  2400 mm (l) * 7500 mm (d) * 3000 mm (w) 
Surface reflection coefficients: 
Walls      0.5 
Ceiling      0.8 
Floor      0.2 
Outdoor ground    0.2 
Light-duct reflectance   0.98 
Glazing transmittance   0.9 
 
 
Figure 4.1: Dimensions of the testing room in millimeter. 
Overcast sky with 10,000 lx on horizontal plane is assumed for all the 
simulations in this thesis because it is the most frequent sky type in Singapore. 
The skylight luminance is distributed according to the CIE model (Y. Uetani et 
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al., 2003). Illuminance values are calculated along the central longitudinal line 
at working plane level (750 mm above floor) by two methods. The first one is a 
new developed forward ray-tracing script in Grasshopper and it is integrated 
with the evolution algorithm. The details of this method will be presented in 
section 4.1.2. The second method is by simulation in Radiance (Gregory & 
Robert, 1998) which is a lighting simulation environment been validated for its 
accuracy (Ruppertsberg & Bloj, 2006). The collector is modeled with the type 
5 collector design presented in (S. Wittkopf, et al., 2010) (Figure 3.1). Among 
all the collector designs, it works most efficiently under overcast daylight 
condition. The reflective duct is modeled the same as the light-ducts in Zero 
Energy Building (ZEB) in Building & Construction Authority (BCA) 
Academy in Singapore which are 7.5m long with fixed 0.5m high, 1.5 m wide 
square aperture. The reflective foil which covers inner surfaces of the light-duct 
is modeled after the foil samples from 3M Display and Graphics Business 
Laboratory. The reflection property of the foil is measured with the 
Goniophotometer in Solar Energy Research Institute of Singapore (SERIS) 
(Grobe, Wittkopf, Apian-Bennewitz, Johnson, & Rubin, 2010) and translated to 




Figure 4.2: Testing room with light-duct installed and nearby ground. 
4.1.2 Development of integrated forward ray tracer 
Ray tracing is a technique in computer graphics for rendering images by tracing 
the path of light and simulating the effects of its encounters with virtual objects. 
The technique is 
capable of producing a 
very high degree of 
visual realism (Figure 
4.3 (Tran, 2006)) and 
simulating a wide 
variety of optical 
effects, such 
as reflection and refraction, scattering, and dispersion phenomena (Glassner, 
1989). The concept of ray tracing was first introduced by Arthur Appel in 1968 
Figure 4.3: An example of verisimilar rendering generated with 
ray tracing technique. 
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(Appel, 1968), the idea is to cast rays from eye, one per pixel and intersect with 
objects on the path. This idea was developed to the method known as backward 
ray tracing nowadays. Turner Whitted improved the first generation ray tracing 
method by adding reflection, refraction and shadow mechanism to the tracing 
process (Whitted, 1980). After this revolution research breakthrough, the 
capability of ray tracing algorithm was greatly extended and many more 
researchers have focused on developing this algorithm since 1980s.  
 
Ray tracing algorithms could be generally categorized into two types: forward 
ray tracing and backward ray tracing. In a forward ray tracing process as shown 
in Figure 4.4, a light source emanates rays onto objects where reflection, 
refraction and transmission happens and then the rays are traced until they reach 
the eye or terminate in other conditions. The advantage is that this method could 
simulate certain indirect effects such as caustics which are bright patterns 
Figure 4.4: The process of forward ray tracing. 
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caused by the focusing of light off a wide reflective region on to a narrow area. 
The disadvantage is also obvious: a large proportion of the rays from the light 
source do not trace to the eyes and computational time spends on rays does not 
contribute to the final result. Therefore, forward ray tracing is not efficient for 
rendering image and this method is normally used in the design of luminaire 
reflectors and other optical equipment. The term “ray tracing” in computer 
graphics has come to mean almost exclusively backward ray tracing. 
 
 
Figure 4.5: The process of backward ray tracing 
In the process of backwards ray tracing, opposite to the direction photons 
actually travel, rays are shot from the eye to the light source and intersect with 
objects on the path (Figure 4.5). Therefore, all the rays been traced contribute to 
the final image and thus this method is less expensive in terms of computational 
load. One drawback of this method is that brightness could be underestimated in 
certain situations. A typical situation is a scene illuminated by the light passing 
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through a very narrow aperture such as a dark room with a door slightly ajar 
leading light coming in. In such situations, due to the limited number of  rays 
and reflections in the process of ray tracing, only a very small subset of paths 
could contribute to the illumination of the scene.  
From the above analysis, it is concluded that to apply ray tracing algorithm to 
simulate performance of light-duct, forward ray tracing should be used although 
it has a higher computational cost. This is because for a room illuminated by a 
light-duct, light sources (sky and sun) is not direct line-of-sight linked to 
interior of the room, this scenario limit the performance of backward ray tracing 
and lead to inaccurate result. 
 
Figure 4.6: The interface of the ray tracer developed in Grasshopper. Six input ports 
are listed at the left hand side and six output ports are listed at the right hand side. 
As current software packages could not provide the capabilities for the 
simulation work in this project (reasons discussed in Chapter 6), a new forward 
34 
 
ray tracer was developed in Grasshopper based on RhinoCommon SDK (Robert 
McNeel & Associates, 2012b). It is written as a C# script using geometry 
definitions from the SDK (Appendix II) and has a friendly interface (Figure 4.6). 
It has six input listed on the left hand side (points, direction, numRef, reSrf, 
tarSrf and bouSrf) of the component and six output listed on the right hand side 
(out, interRay, firstRay, lastRay, onTar and onBou). The property of the input 
and output are shown in the table below: 
 
Table 4.1: Data types required for the ports of the RayTracer 
Input name Data type Output name Data type 
points List access, Point3d out Item access, string 
direction List access, Vector3d interRay DataTree access, 
Point3d 
numRef Item access, integer firstRay DataTree access, 
Point3d 
reSrf List access, Brep lastRay DataTree access, 
Point3d 
tarSrf List access, Brep onTar List access, Point3d 
bouSrf List access, Brep onBou List access, Point3d 
 
With the above input, the ray tracer could realize the following functions: 
(1) Generate rays based on input points and directions. The first two inputs 
of the component are used to simulate light source. Rays emit from the 
light source from the position defined by the points and toward the 
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direction defined by direction. The input for points and direction should 
be lists with same number of items. The values at the same position in 
these two lists correspond to each other and define one ray. The position 
and direction for each ray been generated are shown in Rhino window 
with a red arrow (Figure 4.7). 
(2) The upper limit of number of reflections could be changed. The rays 
generated from light source will terminate after the number of reflection 
reach value defined by input numRef. This function protects the script 




(3) Multiple reflection surfaces. Multiple reflection surfaces could be input 
as a list of boundary representation models (Brep) from reSrf. This 
Figure 4.7: The ray tracer works with trimmed and untrimmed surfaces. Four rays are 
generated at the corners of a polygon with directions shown with red arrows. Three rays 
are reflected by the trimmed surface (polygon with a hole) while one ray go through the 
hole and reflected by a curved surface. 
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enables the component to analyze ray path through reflections between 
complex geometry. All input surfaces are treated as Brep so that the 
direction property could be accessed by the component. If the ray been 
traced intersects with back side of the reflection surface, the ray trace 
terminates. Trimmed (surface with discontinuities in the edges of the 
surface or holes cut in the interior) or untrimmed surfaced are allowed so 
that the ray tracer could trace rays on bottom panel with sophisticated 
opening design. As the RayShoot method in Rhino 4 could not process 
trimmed surface, the whole method for rays interacting with surfaces 
need to be developed from scratch.  
This ray tracer is designed to trace light reflections inside a light-duct 
and the interior surfaces of which is covered with highly reflective, 
mirror like foil. The goniophotometer measurement of the foil shows 
that the reflectance of the foil for visible light is over 98% and over 99% 
of the reflected energy is concentrated in specular reflection. The ray 
tracing process is greatly simplified because of this property: each ray 
from light source could be handled as a line and no subdivision is 
necessary when reflection occurs. 
(4) Multiple target surfaces and boundary surfaces. This function is 
developed for a better analysis of the ray path. Target surfaces represent 
the area where light distribution is estimated and they should be input as 
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a list of Brep to tarSrf. Boundary surfaces should be defined by a list of 
Brep to bouSrf which form a close space and encloses all the possible 
ray path positions. For a forward ray tracing algorithm, the termination 
conditions for the rays need to be predetermined. For the ray tracer 
developed in this thesis, the conditions are set as follow with priority 
from highest to lowest: 
1) When ray path intersect with back side of reflection surface 
2) When ray path intersect with a target surface 
3) When ray path intersect with a boundary surface 
4) When number of reflection on the path reach the upper limit set by 
numRef  
All the intersection position of ray paths with target surfaces and 
boundary surfaces are recorded and output as lists of Point3d to onTar 
and onBou. These points could be processed for lighting distribution 
analysis in following steps. 
(5) Categorized ray paths. The whole path for each ray from light source to 
the termination point (on back side of reflection surface, target surface 
or boundary surface) is divided into three steps: first ray, intermediate 
ray and last ray. The first ray record the first segment of ray path from 
initial point on light source to the first intersection point on the 
reflection surface. If a ray emitted from light source does not intersect 
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with reflection surface and directly terminate at target surface or 
boundary surface, the whole ray path is considered as first ray. It is 
output as DataTree (a data storage format in Grasshopper) of points at 
firstRay with each branch represents one ray segment corresponding to 
the ray generated by points and direction. Similar to first ray, the 
intermediate day and last ray record the in-between ray path segments 
and the last portion. They are output in DataTree format at interRay and 
lastRay. 
(6) Error message display. If any error occurs during the ray tracing process, 
a corresponding message will be displayed at out. The ray for which 
error happens could be located by its number in the list of points. 
Messages include  
“Warning: no reflection, no Bounding surface at ray X”, 
“Ray X terminates at backside of reSrf”, 
“Warning: Maximum number of reflection exceeded at ray X”. 
Figure 4.8 illustrates how the ray tracer works when it is applied to a light-duct. 
Five rays are generated from the red arrows. The first ray path segment from 
starting point of the ray to the first intersection point on the collector is marked 
with green color. This line segments are defined by Point3d output from 
firstRay port of the ray tracer. The five rays are reflected into the duct by the 
collector and the whole paths before they shoot out of the opening are marked 
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with yellow. These parts of the rays are generated by results from port interRay. 
The red lines in Figure 4.8 show the last section of the ray path. Four rays 
terminate on the target plane which is a horizontal plane 7500mm above the 
floor and one ray terminates on one of the walls which are defined as boundary 
surfaces.   
 
 
Figure 4.8: The ray tracer works with light-duct in the testing room. Rays which 
represent daylight intersect with the collector (firstRay shown in green lines), reflect 
inside the duct (interRay shown in yellow lines) and terminate at target surface and 
wall (lastRay shown in red lines). 
The ray tracer is developed using Grasshopper SDK, so it could be seamless 
integrated with other tool in Rhino environment such as the evolution 
optimization solver Galapagos.  
4.1.3 Development of Integrated performance evaluation method 
With the ray tracer developed in Grasshopper, the next step is to establish a 
method to evaluate the performance of a light-duct with the ray tracer. It collects 
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information from the parametric model and generates the required input for 
evolution algorithm (Figure 4.9). Therefore, the evaluation method completes 




Figure 4.9: The diagram of the tool chain used for light-duct performance optimization. 
Performance evaluation aims to measure the achievement against intention on a 
set of criteria. As shown in hypothesis, the target of the light-duct design in this 
thesis is set to be 300 lux in the rear half of the room where daylight from 
window does not provide enough illuminance. The testing room introduced in 
section 4.1.1 is simulated with Radiance to show horizontal illuminance level 
on working plane by daylight from window (Figure 4.10). Daylight level (green 
line) decreases asymptotically cross the depth of the room, falls below the target 
300 lux (red line) at the position 3250mm from window. From this point to the 
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end of the room at 7500mm, the differences of the available illuminance level 
from window and the target illuminance level are calculated (blue line). 
   
 
Figure 4.10: Comparison of illuminance on working plane from the window, 
performance target and target for light-duct. The red line is the targeted daylight level 
in the room. The green line shows the horizontal illuminance result from the window. 
The blue line shows the difference between the red line and the green line which forms 
the target illuminance for the light-duct.  
In order to achieve the performance target of daylight distribution: horizontal 
illuminant of 300 lx across the room (red line), the light-duct needs to 
compensate the difference of the illuminance values at different depth between 
the performance target and the daylight from window. Therefore, the difference 
forms the target illuminance for the light-duct.  
As shown in Figure 4.10, the target for light-duct (blue lines) increase with the 
distance from window. The value reaches the peak at 7000mm and decreases 
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around 15 lx at 7500mm. This is because the daylight from window is reflected 
by the wall at 7500mm and contributes to the horizontal illuminance in nearby 
area. The target illuminance for light-duct is calculated at different depths as 
shown in Table 4.2. 
 
Table 4.2: Target illuminance for light-duct at different distances from the window. 
Distance from window 
(mm) 
Horizontal illuminance 
from window (Lx) 
Target illuminance for 
light-duct (Lx) 
3250 300 0 
4000 192 108 
4500 140 160 
5000 106 194 
5500 87 213 
6000 74 226 
6500 60 240 
7000 59 241 
7500 73 227 
 
Using the ray tracer introduced in 5.1.2, a considerable amount of rays which 
represent sky light could be traced inside the light-duct so that the daylight 
distribution from the light-duct could be simulated. This result is compared to 
the target of the light-duct and the performance is evaluated by the deviation. 
To evaluate the performance of the light-duct, the setup of the ray tracer is 
adjusted to the situation in the hypothesis. The target surface for the ray tracer is 
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a rectangle 1500mm wide and 4250mm long located under the light-duct from 
3250 mm to 7500 mm. This surface is 750mm above the floor which is in 
correspondence with the design target in hypothesis (Figure 4.8). Rays are 
generated from part of the sky dome where daylight could be collected by the 
collector. Density of the starting points of the rays are distributed based on 
luminance distribution of the CIE Standard Overcast Sky (Gregory & Robert, 
1998): 
𝐿𝜃 = 𝐿𝑍 ∗ 1 + (2 ∗ sin(𝜃))3   (1) 
where 𝐿𝜃  is luminance of the sky at elevation angle 𝜃 with respect to the 
horizon, 𝐿𝑍 is the luminance of the sky at the zenith. The directions of the rays 
are set to be the surface normal at each point (Figure 4.11). Therefore, as the 
rays represent daylight, the setting for the rays could simulate overcast sky 
which is the target testing condition as discussed in hypothesis. For example, 
according to the equation, the luminance of a standard CIE overcast sky at 
elevation angle of 30 degree is half of the luminance value at the zenith. The 
number of rays generated from the sky dome at 30 degree is half of the rays 





Figure 4.11: Generation of rays for ray tracing in the light-duct. Daylight from sky is 
simulated by the rays where density of the points where ray starts are determined 
according to luminance distribution of the CIE standard overcast sky. Directions of the 
rays are the surface normal shown as red arrows.  
 
The rays are traced from the collector, through the light-duct, until they are 
reflected out of the opening and intersect with the target surface (Figure 4.12). 
As shown in Table 4.2, the distance from 3250mm to 7500mm is separated by 9 
points into 8 regions. The target surface is also separated into the 9 regions with 










for light-duct at 











3250~4000 (0,108) 54 0.225 
4000~4500 (108,160) 134 0.557 
4500~5000 (160,194) 177 0.736 
5000~5500 (194,213) 203.5 0.846 
5500~6000 (213,226) 219.5 0.913 
6000~6500 (226,240) 233 0.969 
6500~7000 (240,241) 240.5 1 
7000~7500 (241,227) 234 0.973 
 
The intersection of the rays on the target surface are recorded with their 
positions and counted in each region. As the rays represent the daylight, in order 
to evaluate the performance of the light-duct, the number of intersections needs 
to be compared to the horizontal illuminance simulated by Radiance. The target 
illuminance for light-duct in each region is calculated by average the value at 
boundary positions of each region (Table 4.3). For example, the averaged target 
illuminance for light-duct in the region from 4000~4500mm (134lx) is 
calculated by averaging the target illuminance for light-duct at 4000mm (108lx) 
and 4500mm (160lx). The averaged target illuminance in each region is then 
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normalized to the maximum value (240.5lx in the region from 6500~7000mm). 
Therefore, the normalized target illuminance for light-duct in each region is 
within range between 0 and 1. 
The number of intersection counted in each region is first normalized by the 
region area (the number of intersection in the first region is scaled down by 1/3, 
as the area of the first region is 50% larger than the other regions) and then 
normalized to (0,1) by dividing the largest number of intersection in all regions 
(Table 4.4). For example, the number of intersections in the region 
4000~4500mm (6) is divided by the largest number of intersection (104 in 
region 7000~7500mm) and the normalized number of intersection is 0.058. 
With the normalized value of both target illuminance for light-duct and number 
of intersection, the performance of the light-duct could be evaluated by 
comparing the two lists to values. The absolute difference for each region is 
added up to form a final result which represents the deviation between the 
performances of the current light-duct and the target performance (Table 4.4). 
The number of rays been traced could affect the accuracy of the simulation 
result which is defined as the difference between the ray distribution result 
using the ray tracer and the Radiance simulation results. With increased number 
of rays been traced, the accuracy of the simulation increases at a cost of more 
computational time. With different number of rays (100, 1000, 5000, 10000) 
been tested, 5000 rays results a desired balance between simulation accuracy 
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and computational time. 
 
Table 4.4: Evaluation result of the light-duct with rectangle opening bottom panel using 



















3250~4000 0.225 6 0.038 0.187 
4000~4500 0.557 6 0.058 0.499 
4500~5000 0.736 2 0.019 0.717 
5000~5500 0.846 0 0 0.846 
5500~6000 0.913 0 0 0.913 
6000~6500 0.969 2 0.019 0.95 
6500~7000 1 68 0.6538 0.346 
7000~7500 0.973 104 1 0.027 
 Sum of 
intersection 




The different regions of the target surface are color coded based on the number 
of ray intersections. This could provide a direct visual illustration of the 
daylight distribution from the light-duct. All the calculations are implemented 
in Grasshopper with build in components and scripts written in C#. Therefore, 
the ray tracer could be integrated with the evaluation process and test the 
performance of the light-duct parametric model. Figure 4.12 demonstrates how 
the ray tracer and the evaluation method work with the light-duct model and 
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Table 4.4 lists the calculation results. This evaluation is based on a light-duct 
model with a rectangular opening on the center of the bottom panel 250mm 
wide from 3250mm to 7500mm. This model is chosen as the base model and its 
performance is compared to the later improved light-duct models. With 5000 




Figure 4.12: Performance evaluation of the light-duct with rectangular opening bottom 
panel using the ray tracer and integrated evaluation method. Each region of the target 
surface is color coded with the normalized number of intersection (color scale within 
range 0 to 1). Sum of deviation of the model is shown as well.  
4.1.4 Integrated evolution solver 
Grasshopper has a build in evolution solver: Galapagos. Together with the 
parametric model, the ray tracer and the evaluation method, the whole tool 
chain illustrated in 4.1.3 is implemented in Grasshopper platform. Some of the 
unique benefits of evolution solver make it the best solution for optimizing 
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light-duct design in this project. It is remarkably flexible and adaptive to a wide 
range of problems. At the same time, it has good performance to find global 
optima with multidimensional (multiple parameters or genomes) input.  
 
 
Figure 4.13: Parameters connected to Galapagos for optimization. The green 
component is Galapagos. Its Genome port is connected to six sliders which are 
highlighted with purple boxes (four of them are shown in the image) and the Fitness 
port is connected to sum of deviation for the current model. 
Figure 4.13 demonstrate how Galapagos works with other components in 
Grasshopper. There are two ports for Galapagos, the Genome and the Fitness. 
As introduced in 2.3.2, the parameters to be optimized with evolution algorithm 
are also known as chromosomes or genomes. Genome port can be connected to 
multiple sliders which control the parameters of the model. The fitness port 
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needs to be connected to an evaluation result of the current model. In most of 
the cases a design need to be evaluated by multiple criteria. However, only one 
value could be used for the input of Fitness. Therefore, the multiple criteria 
should be overall considered and weighted to come out one value which 
represents the performance. This is why number of intersections of the rays with 
the target surface need to be normalized and summed up. Galapagos searches 
for the parameters which result the highest fitness. In this case, the summed 




Figure 4.14: Process of evolution optimization using Galapagos. Window 1 is the 
display window shows the model which keeps changing during the evolution process. 
Window 2 is the working window for Grasshopper. All components are connected in 
this window. Window 3 is the interface for Galapagos. Its sub-window 1 shows the 





With the performance evaluation result input to Fitness port and sliders 
connected to Genome port, Galapagos starts to optimize the parameters over 
generations. Global settings for Galapagos are left as default:  
Max. Stagnant: 50, 
Population: 50,  
Initial Boost 2x, 
Maintain: 5% 
Inbreeding: 75%. 
The combinations of the parameters (genomes) are evaluated and the best 
performing genomes survive. They produce offspring with intermediate values 
which form the next generation. This process continues until the best 
performing values for the parameters (highest fitness) are located. 
Galapagos provide a user friendly interface as shown in Figure 4.14. During the 
evolution process, as the parameters (genomes) connected to Galapagos varies, 
the model displayed in the Rhino window changes accordingly and the 
performance could be examined by the color coded target surface instantly. In 
the Galapagos window (window 3 in Figure 4.14), the plot on top shows the 
trend of the fitness over the generations. In the lower right window, the genomes 




4.2 Optimization of the bottom panel 
4.2.1Parametric model of the bottom panel 
Considering the fact that the illuminance level decreases asymptotically to the 
distance from window, the amount of light distributed through the light-duct 
should be increased contrary to the distance from window. The immediate idea 
is that the amount of light could be delivered from the light-duct is proportional 
to the opening area on the bottom panel of the light-duct. Therefore, if the 
opening area could increase with distance from window then more light could 
be extracted from light-duct in the deep part of the room and the uneven 
daylight distribution from window could be compensated.  
The opening on the bottom panel is defined by referring the target illuminance 
for light-duct (Figure 4.10). It is a continuous opening from 3250mm to 
7500mm. This is because at 3250mm the horizontal illuminance from window 
is equivalent to the performance target 300lx and from the point onward, light 
need to be delivered from light-duct to achieve the target. The target 
illuminance values for light-duct at positions shown in Table 4.2 are mapped to 
the width of opening at the same positions. The largest value is to a 60% 
percentage of the total width of the light-duct (1500mm). The illuminance 
difference at 7000mm from window has the largest value 241lx. It is mapped to 
60% of the light-duct width and the width of the opening there becomes 900mm. 
The widths of the opening at other positions are calculated accordingly. With 
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the widths of the opening at intermediate points fixed, the outline of the opening 
is defined by connecting the points with InterpolateCurve tool in Grasshopper. 
Then the entire bottom panel is generated by EdgeSurface tool with the outline 
of the opening and the light-duct boundary. The dimension of the bottom panel 
is as shown in Figure 4.15. 
This bottom panel is named as “Daylight compensation bottom panel” as it is 
formed primarily by mapping the required illuminance value which 
compensates the daylight from window to the width of the opening on bottom 
panel. After apply this bottom panel to the light-duct, the room is as shown in 
Figure 4.16.  
 
 




Figure 4.16: The testing room with the daylight compensation bottom panel. 
The form of the bottom panel implies the intention of the design and it seems 
that this is an example of the concept: form follows performance. However, 
when the performance evaluation method is applied to this model, the results 
tell differently. The model is first investigated with the integrated ray tracer and 
the integrated evaluation method (Figure 4.17). Using the same method shown 
in section 4.1.3, the evaluation results are shown in Table 4.5. The total 
deviation summed up from all regions is a considerable value 3.559. This is not 
a significant improvement from the simple rectangular opening which has 
deviation 4.485. Most of the deviations are contributed by three continuous 
regions: the region from 4500mm to 5000mm with deviation 0.701, the next 
region with deviation 0.798 and the region from 5500mm to 6000mm with 
deviation 0.628. As shown in Figure 4.17, the number of rays which intersects 
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with these regions is limited. Therefore, the regions from 4500mm to 6000mm 
do not receive sufficient light from the light-duct to compensate daylight 
decline from window. This explains why most of the deviations are from these 
regions.  
In order to verify this result, the room model and the light-duct with daylight 
compensation bottom panel are simulated in Radiance (Gregory & Robert, 1998) 
with Pmap plugin (Schregle, 2002). The Radiance rendering system is a very 
versatile. The Pmap plugin extends the capability of Radiance by adding in 
forward ray tracing functions. The details of the simulation procedures are 
explained in Appendix I.  
 
 
Figure 4.17: Performance evaluation of the light-duct with daylight compensation 




Figure 4.18 shows the Radiance simulation result of the horizontal illuminance 
along longitudinal line at working plane level (750 mm above floor) in the 
testing room with breakdown contributions from different components. The 
blue line shows the total daylight performance contributed by window and the 
light-duct. The light-duct with daylight compensation bottom panel does not 
provide a significant amount of light as the distance from window increases and 
the performance improved in the last 1500mm. The blue (total illuminance) 
from 4500mm to 6800mm forms “U” shape. As the distance from the total 
illuminance line to the performance target shows the deviation defined in Table 
4.5, the bottom of the “U” shape shows that the largest deviation occurs within 
the distance from 5000mm to 6000mm. Therefore, the simulation result from 
Radiance confirms the evaluation result from the integrated ray tracer in 
Grasshopper. The standard deviation of the horizontal illuminance for distance 
between 3250mm and 7500mm calculated from Radiance simulation is 45.4lx 
which is higher than the targeted uniformity. Both of the evaluation results show 
that the light-duct with daylight compensation bottom panel does not meet the 





Table 4.5: Evaluation result of the light-duct with daylight compensation bottom panel 



















3250~4000 0.225 22 0.102 0.123 
4000~4500 0.557 13 0.090 0.467 
4500~5000 0.736 5 0.035 0.701 
5000~5500 0.846 7 0.049 0.797 
5500~6000 0.913 41 0.285 0.628 
6000~6500 0.969 61 0.424 0.545 
6500~7000 1 105 0.729 0.271 
7000~7500 0.973 144 1 0.027 
 Sum of 
intersection 







Figure 4.18: Radiance simulation result of the illuminance on working pane from the 
light-duct with daylight compensation bottom panel. 
4.2.2 Evolution of the bottom panel 
As shown in previous section, the performance of light-duct with daylight 
compensation bottom panel is not satisfactory. The bottom panel is optimized 
with Grasshopper integrated evolution solver Galapagos. Similar to the 
modeling process of the daylight compensation bottom panel, the opening is 
also defined by the width at the position 3250mm, 4000mm, 4500mm, 5000mm, 
5500mm, 6000mm, 6500mm, 7000mm and 7500mm from window. Different 
from previous section, the widths at these 9 positions are controlled by sliders. 
The range for the sliders are set to (0, 1500) so that the width at each position 
could change from 0 to the full width of the light-duct. By connecting the 9 
points with the InterpolateCurve tool in Grasshopper the outline of the opening 
is defined. The entire bottom panel is then generated by EdgeSurface tool with 
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the outline of the opening and the light-duct boundary. 
 
 
Figure 4.19: Process of evolution optimization of the bottom panel using Galapagos. 
The sub-window on top shows the trend of the fitness over generations. Sub-window 
on the lower left corner shows the distribution of the genomes in the current 
generation and previous generation. Sub-window on the lower right corner lists the top 
performance genomes. 
The Genome port of Galapagos is connected to the 9 sliders which control the 
width of the opening at different positions and the Fitness is connected to the 
sum of the deviation from all regions. The initial values for the sliders are the 
same as the daylight compensation bottom panel so that the evolution process 
could begin with the existing bottom panel. With this set, the evolution process 
is ready to start and it modifies values in all the genomes (sliders) in search for 
the combination which result the highest fitness (lowest deviation). 
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The evolution process last over 24 hours and after 143 generations, the total 
deviation reduced from 3.559 to 1.227 (Figure 4.19). The dimension of the 
optimized bottom panel is as shown in Figure 4.20. Compared to the daylight 
compensate bottom panel, the area from 3250mm to 4500mm on this evolution 
optimized bottom panel is observably reduced. The opening area from 5000mm 
to 5500mm where the deviation has the largest value in the previous bottom 
panel is significantly increased. The opening area in the last two regions from 
6500mm to 7500mm enlarged. The width at 7500mm also reaches the full width 
of the light-duct. Figure 4.21 shows the testing room equipped with the 
light-duct and the evolution optimized bottom panel. 
 
 




Figure 4.21: The testing room with the evolution optimized bottom panel. 
Figure 4.22 shows the evaluation result of the evolution optimized bottom panel 
with the integrated ray tracer. From the color coded target surface which shows 
the number of ray intersections, it is obvious that the rays distributed from 
light-duct through the bottom panel does not fit the performance target. In order 
to compensate the asymptotically decreased daylight from window, the light 
distributed from light-duct should increase continuously from 3250mm until 
end of the room at 7500mm. The green color for the third (4500mm to 5000mm) 
and fourth regions (5000mm to 5500mm) shows that there are less rays 
intersected with these two regions than the yellow color coded second region 




Figure 4.22: Performance evaluation of the light-duct with evolution optimized bottom 
panel using the ray tracer and integrated evaluation method. 
These observations are confirmed with the breakdown deviation from all 
regions (Table 4.6). Among the total deviation of 1.227, 88% of the deviation is 
from the third (0.436) and fourth (0.646) region. Another point need to be 
noticed is the value of sum of intersection, which is reduced from 389 for the 
daylight compensation bottom panel to 312 for evolution optimized bottom 
panel. As the rays represent daylight, the decrease of the intersections implies 




Table 4.6: Evaluation result of the light-duct with evolution optimized bottom 



















3250~4000 0.225 20 0.222 0.003 
4000~4500 0.557 35 0.583 0.026 
4500~5000 0.736 18 0.3 0.436 
5000~5500 0.846 12 0.2 0.646 
5500~6000 0.913 55 0.917 0.004 
6000~6500 0.969 58 0.967 0.002 
6500~7000 1 55 0.917 0.083 
7000~7500 0.973 60 1 0.027 
 Sum of 
intersection 




The light-duct with evolution optimized bottom panel is also simulated with 
Radiance and the Pmap plugin. The result is as shown in Figure 4.23. The blue 
line shows the total daylight performance contributed by window and the 
light-duct. Comparing to the performance of daylight compensation bottom 
panel shown in Figure 4.18, the total illuminance is much closer to the 
performance target. The “U” shape for total illuminance in Figure 4.23 between 
5000mm to 6000mm is also improved to a flatter line which implies a more 
uniform light distribution. In fact, the standard deviation calculated from 
Radiance simulation result is 41.7lx which better than the result of daylight 
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compensation bottom panel. Therefore, the simulation result confirmed that the 
evolution optimized bottom panel indeed improved its performance through the 
evolution optimization process.  
 
 
Figure 4.23: Radiance simulation result of the illuminance on working pane from the 
light-duct with evolution optimized bottom panel. 
There are also a few questions about the simulation result need to be further 
discussed. The overall values for total illuminance in Figure 4.23 are greater 
than the one in Figure 4.18. This conflict with the result from ray tracer and 
integrated evaluation method in Grasshopper: the number of intersection 
reduces and it means the decrease of available illuminance on target surface. 
Another difference between the two evaluation results happen for the region 
between 7000mm to 7500mm. In Table 4.6, the deviation for this region is very 
small compared to other regions while in the result from Radiance shows that 
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the illuminance value has a rapid decrease in the last 400mm and result a larger 
deviation than other regions. 
The difference between the two evaluation methods: ray tracer in Grasshopper 
and Radiance may result from the algorithms used by these two methods. It is 
further discussed in Chapter 6.  
After running evolution optimization algorithm Galapagos in Grasshopper, 
however, it is concluded that the opening shape on the bottom panel itself, could 
not equalize the daylight distribution of the light-duct. The absolute value of 
horizontal illuminance is not satisfactory and the uniformly does not achieve the 
target. So the conjecture is that among the two components which contribute to 
the light distribution from a light-duct, the other factor, the inner reflector 




4.3 Optimization of the inner reflector 
4.3.1 Parametric model of the inner reflector 
This thesis aims to improve the performance of light-duct so that the amount 
of light distributed through the light-duct increases over the distance from 
window and uniform illuminance level is achieved in a normal office. One 
limitation of the current light-duct which result the uneven distributed daylight 
from it is the limited size of the inner reflector. As shown in Figure 2.2, the 
length of the inner reflector (anidolic element) is only 0.92m. Compared to the 
distance which has illuminance level below 300lx, the length of the inner 
reflector is limited and thus cannot provide enough light the deeper half of the 
room. 
In order to improve the performance, the size of the inner reflector needs to be 
long enough to cover the area where daylight from window does not provide 
enough illuminance. With the comparison shown in Figure 4.10, similar to the 
bottom panels, the inner reflector is also 4250mm long, located from 3250mm 
to 7500mm. Corresponding with the size of the inner reflector, the opening on 
the bottom panel is the same as the base model in section 4.1.3 which is a 
250mm wide and 4250mm long rectangle located in the center below the 
reflector (Figure 4.12). 
The overall shape of the inner reflector is transformed from the current 
anidolic element and the parametric model of it is defined with tools in 
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Grasshopper. The inner reflector surface is developed with its four edges 
(Figure 4.24). The edge at 3250mm is just a straight line on surface of top 
panel so that the inner reflector surface could be smoothly connected to the 
light-duct (purple line). The other three curves are defined as Bezier curves. As 
the surface is symmetrical along the longitudinal line, the edges on the two side 
panel of the light-duct are mirrored to each other (mirrored side curve shown in 
dotted line). Therefore, only two edges: one on the side (yellow curve) and one 
at the end (red curve) need to be defined and controlled. A Bezier curves is 
created with the position and tangents of the end points. The endpoints for the 
two edges are fixed at the corners of the light-duct. These two edges are located 
on flat surfaces (side panel and end panel of the light-duct), so the tangents 
could be defined with one axis equals to zero: for side curve, x is zero as the 
curve is on y-x plane (tangent shown as yellow arrows with values) and for end 





Figure 4.24: Side Curve and end curve defined with their tangents at endpoints. 
Dimensions of the components in millimeter. 
The definitions of the edges shown above are created with Bezier Span (BzSpan) 
tool in Grasshopper (Figure 4.25). The tangents for each end point are 
controlled by a vector tool (Vec). The values for each axis are controlled 
separately with sliders which are connected to Galapagos for evolution 
optimization in the later process. With the different values feed for the tangents, 
the inner reflector surface could change from a simple flat surface (vectors for 
all tangents set to zero) to complex double curved surfaces (Figure 4.26). This is 
because the curves which define the inner reflector surface are located on two 
perpendicular surfaces. Figure 4.27 shows the situation when the double curved 




Figure 4.25: Definition of side curve and end curve with Bezier Span using BzSpan 





Figure 4.26: Different inner reflector surfaces generated by varying parameters. 
 
Figure 4.27: The testing room with the double curved inner reflector. 
The simple flat surface is evaluated with the ray tracer and the integrated 
evaluation method as the base case for the inner reflector (Figure 4.28). Most 
of the rays are concentrated within the last four regions (5500mm to 7500mm) 
and very few rays intersect with the target surface in the first four regions. As 
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shown in Table 4.7, there are 3 rays intersect with the first region and the 
number of intersection in the second the third regions is only 2 and 1. 
  
 
Figure 4.28: Performance evaluation of the light-duct with flat inner reflector using the 
ray tracer and integrated evaluation method. 
The distribution pattern is also confirmed with the simulation result from 
Radiance (Figure 4.29). The purple line shows the illuminance distributed 
from light-duct which increases gradually and the highest value appears in the 
last 1500mm distance where the last three regions of the target surface are 
located. Table 4.7 also shows that the deviation decreases from 4500mm to 
6000mm and then increase from 6000mm to 7500mm. This trend also appears 
in Figure 4.29. The difference between the two evaluation methods happens in 
the last 500mm. Similar to the situation for parametric bottom panel evolution, 
the rapid decreasing value in the last 500mm from Radiance plot is not 
reflected in integrated evaluation method (deviation in summarized in table). 
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This may result from the algorithm used by the two evaluation methods. It is 
further discussed in Chapter 6. Compared to the light-duct with the evolution 
optimized bottom panel, the uniformity of the horizontal illuminance from 
light-duct with flat inner reflector does not improve. The standard deviation is 
40.8lx which is larger than the targeted uniformity. The absolute illuminance 
value between 4000mm and 6000mm is also below the performance target.   
 
Table 4.7: Evaluation result of the light-duct with flat inner reflector using the ray tracer 



















3250~4000 0.225 3 0.022 0.203 
4000~4500 0.557 2 0.010 0.547 
4500~5000 0.736 1 0.005 0.731 
5000~5500 0.846 25 0.126 0.720 
5500~6000 0.913 197 1 0.087 
6000~6500 0.969 174 0.883 0.086 
6500~7000 1 91 0.462 0.538 
7000~7500 0.973 63 0.319 0.654 
 Sum of 
intersection 







After the above the evaluation, it is concluded that the inner reflector with a 
simple flat surface could not achieve the performance target. The inner 
reflector need to be further optimized with evolution algorithm. 
 
 
Figure 4.29: Radiance simulation result of the illuminance on working pane from the 
light-duct with flat inner reflector. 
4.3.2 Evolution of the inner reflector 
As presented in the previous section, the surface of the inner reflector is defined 
by two curves: one is on the side panel of the light-duct and the other one on the 
end panel. For the curve on the side panel, tangents need to be defined for both 
of the endpoints. A vector with two axes is connected to each of the tangent port. 
For the curve on the end panel, although the tangents for both of the end points 
need to be determined, as the curve need to be symmetrical along the 
longitudinal line, these two tangents are mirrored along the central line. 
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Therefore, there are six parameters in total which define the inner reflector 
surface. All the values for the tangents are set to zero so that the simple flat inner 
reflector becomes the initial design of the optimization process. With all the 
parameters connected to the Genome port of Galapagos, the evolution process is 
ready to start (Figure 4.30). 
 
 
Figure 4.30: Initial values for evolution optimization process. All parameters set to 0 to 
start with the flat inner reflector.  
Figure 4.31 shows the evolution process of the inner reflector, after 122 
generations of iterations, the total deviation decrease from 3.099 to 0.441. The 
improvement is larger than the same evolution process for bottom panel which 
deviation decreases from 3.559 to 1.227. This comparison implies that in terms 
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of controlling the daylight distribution from light-duct, the inner reflector has a 
more dominant role than the bottom panel. Therefore, the conjecture discussed 
at end of section4.2.2 is met. Figure 4.32 presents the performance evaluation of 
the light-duct with the evolution optimized inner reflector using the ray tracer 
and integrated evaluation method. 
 
Figure 4.31: Process of evolution optimization of the inner reflector using Galapagos. 
The sub-window on top shows the trend of the fitness over generations. Sub-window 
on the lower left corner shows the distribution of the genomes in the current 





Figure 4.32: Performance evaluation of the light-duct with evolution optimized inner 
reflector using the ray tracer and integrated evaluation method. 
Compared to the performance evaluation result of the evolution optimized 
bottom panel (Figure 4.22), the result of the optimized inner reflector shows 
that beside the smaller deviation which declares a better overall performance, 
more rays are directed out of the light-duct and intersect with the target surface 
especially with the first few regions. For the evolution optimized bottom panel, 
most of the deviation comes from the third (4500mm to 5000mm) and fourth 
region (5000mm to 5500mm), which is partially because of that most of the rays 
extract out of the light-duct are still with direction toward the deeper part of the 
room and the number of rays intersect with the two regions are not sufficient 
(Figure 4.22). However, for the light-duct with the optimized inner reflector, the 
direction of the rays been directed out of the light-duct are better controlled by 
the double curved reflector surface: the rays which intersect with the first few 
regions are mostly coming from the opening just above the regions and the 
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number of intersections also increase with a considerable amount (Table 4.8). 
 
Table 4.8: Evaluation result of the light-duct with evolution optimized inner 



















3250~4000 0.225 45 0.229 0.004 
4000~4500 0.557 73 0.557 0 
4500~5000 0.736 85 0.649 0.087 
5000~5500 0.846 105 0.801 0.045 
5500~6000 0.913 129 0.985 0.072 
6000~6500 0.969 131 1 0.031 
6500~7000 1 108 0.824 0.176 
7000~7500 0.973 124 0.947 0.026 
 Sum of 
intersection 




Since the double curved inner reflector could have a refined control of the 
directions of the rays distributed from the light-duct, a question arises: with the 
help the inner reflector, is it possible to distribute rays from the light-duct to 
areas not just below the opening but also even nearer to the window? 
Furthermore, is it possible to shorten the length of the inner reflector but still 
maintain the performance? This question is important because in practice a 
double curved surface is difficult and also expensive to fabricate. A smaller 
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Figure 4.33: Evolution optimized inner reflector of different size. Length of the surfaces 
from left to right: 2750mm, 3500mm and 4250mm (original). 
The current parametric model of the light-duct is modified to vary the size of the 
inner reflector. The current inner reflector starts at 3250mm and continues until 
the end of the room at 7500mm. Two more inner reflectors are modeled: starting 
from 4000mm and 4700mm and both end at 7500mm. The rectangle openings 
on the bottom panel are also modified according to the length of the inner 
reflectors. The two resized inner reflectors are optimized using Galapagos 
together with the ray tracer and integrated evaluation method with the same 
setting as the original inner reflector. The final optimized inner reflectors of 
different lengths are shown in Figure 4.33. Comparing the three inner reflectors, 
it is observed that as the length decrease (from right to left), the tangents for 
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both of the side curve and end curve increases and result a more curved surface. 
 
Table 4.9: Comparison of evaluation result between different sized inner reflectors 
using the ray tracer and integrated evaluation method. 
Length of the inner 
reflector surface (mm) 
Number of intersections 
summed from all regions 
Sum of deviation in 
evaluation result 
4250 800 0.441 
3500 596 0.067 
2750 446 0.302 
 
The comparison of the evaluation result between the different sized inner 
reflectors using the ray tracer and integrated evaluation method is shown in 
Table 4.9. The 3500mm long inner reflector proves to have the most promising 
result with a remarkable low deviation 0.067. When the length of the inner 
reflector becomes even shorter (2750mm), the sum of deviation increases again. 
Due to the time limit, only three inner reflectors with different dimensions are 
evaluated, but the trend of the deviation changing is obvious. This result meets 
the conjecture that the length of the inner reflector should be shortened from 
4250mm but still maintain the same performance if not even better (the 
3500mm long inner reflector results better performance). The limitation for the 
size of the inner reflectors also exists: if the length of the inner reflector 
decrease and pass a threshold, the performance of it may not maintains. With 
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the shortened inner reflector, although the performance could keep the same or 
even improve, the number of rays which intersect with the target surface always 
reduces as the length of the inner reflector decreases. This implies that less 
daylight could be delivered from a smaller inner reflector. With an overall 
consideration of sum of deviation and number of intersections, the 3500mm 
long inner reflector shows the most promising result. 
 
 
Figure 4.34: Performance evaluation of the light-duct with 3500mm long evolution 
optimized inner reflector using the ray tracer and integrated evaluation method. 
As shown in Figure 4.34, the color of the regions on the target surface changes 
gradually which is resulting from the smoothly increasing number of 
intersections (Table 4.10). The increasing number of intersections follows the 
same pattern as the normalized target illuminance and therefore the deviation in 
all the regions are minimal. The directions of the rays are very well controlled 
by the inner reflector and most of the rays counted are intersecting with the 
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target surface perpendicularly.  
The largest deviation appears in the last region (7000mm to 7500mm) which 
contributes 40% of the total deviation. The radiance simulation result also 
confirms that the largest deviation occurs in the last 500mm. (Figure 4.35). 
However, the deviation from these two evaluation method are caused by 
different reasons: in Table 4.10, the performance from the light-duct is higher 
than the target while in the Figure 4.35, the simulation result is lower than the 
target. Therefore, once again, the difference between the two evaluation 
methods happens in the last 500mm distance. The reason need be analyzed and 
discussed because performance evaluation is one of the core procedures in a 
performance based design. Furthermore, as the evaluation result is feed to 
Galapagos as fitness to optimize the parametric model, the accuracy of the 
evaluation is highly related to the form of the final design from evolution 
process. The possible reasons for differences are discussed and potential 








Table 4.10: Evaluation result of the light-duct with 3500mm long evolution optimized 



















3250~4000 0.225 32 0.229 0.004 
4000~4500 0.557 53 0.570 0.013 
4500~5000 0.736 69 0.742 0.006 
5000~5500 0.846 80 0.860 0.014 
5500~6000 0.913 85 0.914 0.001 
6000~6500 0.969 90 0.967 0.002 
6500~7000 1 93 1 0 
7000~7500 0.973 93 1 0.027 
 Sum of 
intersection 




As shown in Figure 4.35, for the distance from 4000mm to 7000mm, the 
light-duct with the 3500mm long evolution optimized inner reflector 
compensates the asymptotically decreased daylight and resutl a uniformed 
illuminance value on working plane. The standard deviation is as low as 23.4lx 
which satisfy the targeted uniformity. The imperfection of the performance is 
that the absolute illuminance value is around 20lx below the performance target. 
The illuminance from light-duct also decreases rapidly in the last 500mm which 




Figure 4.35: Radiance simulation result of the illuminance on working pane from the 
light-duct with 3500mm long evolution optimized inner reflector with rectangle opening 
on bottom panel (width 250mm). 
In order to increase the absolute value of the horizontal illuminance, the 
opening on the bottom panel is adjusted. The width of the opening is increased 
from 250mm to 400mm so that more light could be directed out of the duct 
while the form of the inner reflector remains which controls the daylight 
distribution pattern. Figure 4.36 shows the Radiance simulation result of the 
light-duct with 3500mm long evolution optimized inner reflector with adjusted 
opening. From 3250mm to 7000mm, the horizontal illuminance values on 
working plane are all above the performance target at 300lx and also distributed 
very uniformly. In fact, the standard deviation of the illuminance values from 
3250mm to 7500mm is only 19.0lx. Therefore, with the 3500mm long 
evolution optimized inner reflector and width adjusted rectangle opening on 
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bottom panel, the light-duct could achieve the performance target of delivering 
uniform distributed daylight in the rear half of the room. 
 
 
Figure 4.36: Radiance simulation result of the illuminance on working pane from the 
light-duct with 3500mm long evolution optimized inner reflector with adjusted opening 
with rectangle opening on bottom panel (width 400mm). 
 




Figure 4.37 compares the simulation results of all the light-duct designs 
developed in this thesis and the target illuminance for light-duct. The light-duct 
with evolution optimized inner reflector and adjusted opening on the bottom 
panel (dark green line) shows the closest result to the target. The two curves has 
almost identical values from 4000mm to 7000mm. This result reinforces the 
conclusion from analyzing Figure 4.36: the light-duct with evolution optimized 
inner reflector and width adjusted rectangle opening on bottom panel could 
achieve the performance target. Table 4.11 summarizes all the light-duct 














1 Rectangle opening bottom panel 4.485 No Yes 
2 Daylight compensation bottom 
panel 
3.559 Yes Yes* 
3 Evolution optimized bottom 
panel 
1.227 Yes No 
4 Flat inner reflector 3.566 Yes No 
5 4250mm long evolution 
optimized inner reflector 
0.441 No No 
6 3500mm long evolution 
optimized inner reflector 
0.067 Yes Yes 
7 2750mm long evolution 
optimized inner reflector 
0.302 No No 
8 3500mm long evolution 
optimized inner reflector with 
width adjusted opening 
No Yes No 





Chapter 5 Scale model and measurements 
In order to verify the simulation result of different bottom panels and inner 
reflectors, a 1:5 scaled model of the light-duct with type 5 anidolic collector is 
constructed (Figure 5.1). The model is made of Medium Density Fiberboard 
(MDF) and the curved surface of the collector is fabricated using Computer 
Numerical Control (CNC) machines in National University of Singapore 
Architecture department. The reflective foil laminated on the inner surface of 
the light-duct is supplied by 3M Display and Graphics Business Laboratory. 
The reflection property of the foil is measured with the goniophotometer in 
Solar Energy Research Institute of Singapore (SERIS). 
 
 
Figure 5.1: 1:5 scale model of the light-duct with type 5 anidolic collector. 
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Two bottom panels: the rectangular opening bottom panel and the daylight 
compensation bottom panel are made with 5mm acrylic panel. Following the 
drawing in Rhino, the openings of both acrylic panels are fabricated accurately 
with laser cutting machine. 5mm apart straight laser cuts are added to the 
opening area for better visibility. The reflective foils are fabricated using the 
same method and then laminated to the acrylic panels (Figure 5.2). 
 
 
Figure 5.2: Fabricated daylight compensation bottom panel (upper) with straight laser 
cuts on opening area and rectangle opening bottom panel (lower).  
A 1:5 scale model of the 3500mm long evolution optimized inner reflector is 
also constructed with MDF using CNC machine. Because the surface for this 
inner reflector is a smooth double curved surface (non-developable surface, a 
surface cannot be flattened onto a plane without distortion) and the reflective 
foil which needs to cover this surface is not stretchable, the reflective foil could 
not be applied to the surface directly. Therefore, the original double curved 
surface need to be modified: the surface is approximated by pieces of 
developable surfaces joint together so that the reflective foil could be cut with 
the same pattern and then applied to the inner reflector. The surface is divided 
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into 112 pieces according to Gaussian curvature distribution (Figure 5.3). The 
sub-surfaces with the largest curvature, especially the pieces near the two upper 
corners of the surface, are approximated by conical surfaces which are 
developable (unbounded surface formed by the union of all the 
straight lines that pass through a fixed point). 
 
 
Figure 5.3: Developable inner reflector surface consists of 112 sub-surfaces 
After the above processes, all the sub-surfaces become developable and could 
be unrolled to a planar surface. The inner reflector with the modified 
developable surface is fabricated with MDF using CNC machine. The reflective 
foil is laser cut according to the unrolled surfaces and then applied to the inner 
reflector carefully piece by piece (Figure 5.4). Due to the fabrication error, 
mainly from the CNC process of the inner reflector, when the foil is applied to 
the inner reflector, the gaps between some of the foil pieces are visible. This 
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may reduce the total reflectance of the inner reflector and change its reflection 
pattern. Figure 5.5 shows the light-duct with inner reflector installed. 
 
 
Figure 5.4: Fabricated inner reflector with reflective foil laminated. 
 
Figure 5.5: Inner reflector installed in light-duct model 
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The experiment is carried out in Solar Energy Research Institute of Singapore 
(SERIS) Calorimeter Lab. The light source is a solar simulator which could 
provide uniform light in vertical plane with same spectrum as solar radiation. To 
carry out the experiment, the light-duct is placed horizontally on a rack with 
opening of the collector facing the solar simulator (Figure 5.6). A 1500mm long 
aluminum bar is held horizontally behind the opening of the light-duct model as 
support for the illuminance sensor. With this set up, the illuminance sensor 
could move along the opening of the light-duct model while the distance from 
bottom panel of the light-duct model to the illuminance sensor keeps constant. 
The distance is set to 330mm which determined by scaling the distance from 
light-duct to working plane in simulation condition to one fifth.  
 
 
Figure 5.6: Top view (upper) and section view (lower) of the experiment set up. 
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The height of the aluminum bar is the same as the center line of the bottom 
panel so that the illuminance values measured during the experiment could 
result a sound comparison with the simulation result. The set up including the 
light-duct model and the illuminance sensor support is covered with black cloth 
so that during the experiment when the solar simulator is on, the readings from 
the illuminance sensor are result only by the light distributed from the opening 
of the light-duct model. As the type 5 collector requires diffuse light which is 
also the testing condition for all simulation, the opening of the collector is 
covered with white diffusing cloth. This will generate diffuse light from the 
parallel light emitted by the solar simulator.  
Corresponding to the simulation and evaluation set up in section 4.2.1 and 4.3.2, 
the daylight compensation bottom panel is tested alone with the light-duct scale 
model while the rectangular opening bottom panel is tested with evolution 
optimized inner reflector. In order to compare the results from simulation and 
measurement, both results are normalized to the illuminance level outside the 
light-duct. The simulated interior horizontal illuminance values on working 
plane are divided by the outdoor horizontal illuminance value. The measure 
illuminance value along the opening of the light-duct model is normalized to the 
illuminance value received by the collector (after the white cloth). The distance 
from window in the simulation is also proportional scaled to match the 1:5 scale 
model of light-duct so that the results could be compared in the same scale. The 
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illuminance values are measured at 9 points which is at 650mm and from 
800mm to 1500mm every 100mm. These positions are corresponding to the 
points for target of light-duct performance shown in Figure 4.10 and Table 4.2. 
The Comparison of simulated and measured normalized illuminance from 
light-duct with daylight compensation bottom panel is shown in Figure 5.7.  
 
 
Figure 5.7: Comparison of simulated and measured normalized illuminance from 
light-duct with daylight compensation bottom panel (design 2 in Table 4.11). 
The overall trend of the measured and simulation result are similar: the 
normalized illuminance values start at the same point, increase gradually to the 
peak near 1300mm and then decreases in the last 100mm. When the distance 
increases, the measured value increases faster than the simulated value from 
650mm to 1100mm and then keeps almost constant until the last 100mm where 
the value decreases slightly. The simulated value increases rapidly from 
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1100mm and overtake the measured value at 1200mm. Comparing the two 
results from measurement and simulation, one difference is that the extreme 
value at 1300mm to 1400mm in simulation does not appear in measurement 
result. This could be result from the effect of straight laser cuts applied to the 
opening area on the bottom panel. The laser cut create very thin layer of air in 
the acrylic panel and reflect light like a mirror surface. The dense laser cuts 
(5mm apart) on the opening area works as diffusers. This may explain the 
disappearance of the extreme values in the measurement result as the 
concentrated light is diffused by the laser cuts and result a dispersed peak from 
1100mm to 1400mm.  
The Comparison of simulated and measured normalized illuminance from 
light-duct with evolution optimized inner reflector is shown in Figure 5.8. Both 
of the simulated value and the measured value increase rapidly with the same 
trend from the starting point to 1000mm. The measured normalized illuminance 
reaches its peak value at 1000mm and the value remains around 1.5 until 
1200mm. After this point, the measured value decreases gradually. On the 
contrary, the simulated value increase continually from 650mm and the peak 
occurs at 1300mm to 1400mm. Because the trends of the measured value and 
simulated value dissimilate after 1000mm, the difference between the values 





Figure 5.8: Comparison of simulated and measured normalized illuminance from 
light-duct with inner reflector (design 11 in Table 4.11). 
The main reason for the difference between the measured value and the 
simulated value could be the imperfection of the fabrication. Current prototype 
approximate the doubly curved surface by combination of triangular plane 
surfaces, due to no-stretchable mirror foil applied. As the connection lines count 
over 300 accumulated physical gaps (Figure 5.4) may result imperfection of the 
inner reflector model. In order to fabricate perfect doubly curved mirror surface, 
it may require high degree of precision engineering for optical industries, not 
academic level.  
For both the bottom panel and inner reflector, other factors which contribute to 
the difference between the measured value and the simulated value include the 
uncertainty of the illuminance sensor readings, the fabrication errors of the 
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models, noise from experiment environment and the difference of the lighting 
condition between simulation and measurement. The last factor listed above 
may be particularly important. This is because the collector is optimized for 
overcast sky and the way it concentrate and collect light varies as the sky type 
changes. As a result, the light distribution pattern from the openings on the 
bottom panel is also affected. In the simulation, the standard CIE overcast sky is 
modeled while during the measurement of the light-duct model, the diffuse light 
is generated from parallel light by the white cloth. With this set up, the direct 
radiation is filtered and the diffuse light is dominant in the light which is 
received by the collector. However, the distribution of the light intensity over 
the directions is not the same as the overcast sky. It is practically not possible to 
generate overcast sky condition without the million dollar scanning sky 
simulator as in (Michel & Scartezzini, 2002). Therefore, the lighting condition 
becomes one of the limitations of the current measurement set up. Ideally, the 
light-duct should be measured under daylight in overcast condition. Due to the 





Chapter 6 Discussion 
Good lighting requires equal attention to the quantity and quality of the lighting. 
Using the performance based design approach, the design target of the 
light-duct is specified in terms of horizontal illuminance absolute value on 
working plane and uniformity of the daylight distribution. Through the design 
process, the thesis presented that the proposed method verified the hypothesis: 
by optimizing the opening design on the bottom panel and shape of the inner 
reflector, the improved light-duct could achieve the performance objective 
which is uniform illuminance value (300 lx with standard deviation 30 lx) on 
working plane in the rear half of the testing room. The influences of the two 
target objects (the opening shape on the bottom panel and the inner reflector) on 
light-duct’s daylight performance are verified separately. The opening shape on 
the bottom panel does not have a dominating role for light distribution from 
light-duct. This is approved by the fact that although the performance of the 
light-duct with optimized bottom panel has an improved performance compared 
to the base case, it still could not deliver sufficient horizontal illuminance or 
provide targeted uniformly. On the contrary, the evolution optimized inner 
reflector together with a simple rectangle opening bottom panel could achieve 




Light-duct does not work along to provide uniform daylight in office spaces. It 
is designed to compensate the asymptotically decrease daylight from window as 
the distance increases from the window of the office space. Therefore, the 
challenge of the design of the light-duct is to deliver specific amount of daylight 
at different depth in the room so that the overall horizontal illuminance on 
working plane is evenly distributed. The proposed method in the thesis is 
developed in Rhino-Grasshopper platform which combines four parts: 
parametric modeling of the light-duct, a ray tracer to simulate light reflections 
inside the light-duct, a performance evaluation method to assess performance of 
the light-duct and an evolutionary algorithm for optimization. As illustrated in 
chapter 4, for optimization of both the bottom panel and inner reflector, the 
evolution optimized designs show very positive results: both the absolute value 
of horizontal illuminance and uniformity of light distribution increase. In case 
of the bottom panel, the performance of the optimized design still does not meet 
the target performance. The evolution optimized inner reflector, on the other 
hand, delivered the required performance as defined in the hypothesis. 
The tool chain for light-duct performance optimization presented in this thesis 
is developed in Rhino-Grasshopper platform. The experiments have shown that 
the tool chain works effectively and the optimized result of the bottom panel 
and inner reflector do show improvement in their performance which is 
confirmed by the Radiance simulation. However, some of the observations from 
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the integrated evaluation method in the tool chain do not appear in the Radiance 
simulation result (section 4.2.2 and 4.3.2). These may be result from the 
limitations of the integrated evaluation method and the ray tracer. 
For an evolution algorithm to work efficiently, the evaluation of the fitness of 
the genomes (the combination of the parameters in the parametric model which 
defines the form of the design) is critical. Genomes with the highest fitness in 
each generation survive and generate offspring which become the next 
generation. Therefore, the evaluation method for the fitness determines the 
direction of the evolution process. For the light-duct performance optimization, 
the fitness is the performance defined quantitatively by absolute horizontal 
illuminance and distribution uniformity as shown in the hypothesis. For an 
accurate evaluation of the performance which result reliable illuminance value, 
validated lighting simulation software such as Radiance should be utilized. 
However, as a result of two reasons, it could not be implemented in this thesis. 
The first reason is that the simulation of a light-duct requires special plug-in for 
Radiance which could enable Radiance with forward ray tracing functions. The 
plug-in Pmap is not available in Microsoft Windows operating system. 
Therefore, the parametric model and evolution algorithm in Grasshopper which 
is only available in Windows could not be integrated with Radiance as 
performance evaluation tool. Actually, even if Pmap is available in Windows, 
Radiance still cannot be implemented as the performance evaluation tool which 
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feedback to evolution algorithm during the optimization process. This is 
because of the second reason which stands in the nature of evolution algorithm. 
Evolution algorithm has many advantages such as adaptability and capability of 
finding global minimum, but one critical drawback is that it requires thousands 
of iterations in the optimization process. To simulate performance of a 
light-duct using Radiance and Pmap, with reasonable settings, averaged 
computational time is around 5 minutes in a normal computer (Dell Precision 
T1500 with Intel Core i7 CPU @2.93 GHz). This means, if Radiance is utilized 
as the performance evaluation tool for evolution algorithm, the simulation need 
to be repeated thousands of times during the process of optimization and it 
could easily last for weeks. As a result, Radiance is not feasible to be integrated 
with evolution algorithm as performance evaluation method but only used for 
verifying the optimized design.  
In this circumstance, the ray tracer and the integrated evaluation method are 
developed in Grasshopper as introduced in section 4.1. The daylight is 
represented by rays starting from a hemisphere; the reflection of the rays inside 
the light-duct is traced by the ray tracer and the intersection positions of the rays 
with the target surface are recorded. The performance of the light-duct is 
evaluated by comparing the distribution of the intersections with the target 
illuminance for light-duct which is result from Radiance simulation. Although, 
this performance evaluation method is well integrated with evolution algorithm 
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and proved to be effective during the experiments, it has two main limitations. 
The first limitation is that the newly developed evaluation method could not 
result absolute illuminance values. Technically, the ray tracing algorithm 
presented in this thesis could not be considered as a light simulation algorithm. 
This is because by using rays to represent daylight, many important property of 
light has lost. When rays interact with surfaces in the model, only specular 
reflection is considered; refraction, transmission, absorption or diffuser 
reflection is not implemented. The inner surface of the light-duct is covered 
with reflective foil which has extremely high reflectance and almost all the 
energy in the reflection is concentrated in the specular beam. Specular reflection 
dominates in the path of daylight transmission in the light-duct. Therefore, 
although the tool chain implemented a greatly simplified method to simulate 
daylight, the performance of the light-duct could still be presented. The error of 
this evolution method occurs when diffuse reflection is involved mainly with 
the wall at the end of the room. This may explain the differences between the 
results from Radiance simulation and the integrated evaluation method in 
Chapter 4. 
Another limitation of the integrated evaluation method is that it focuses on the 
distribution of the light from the light-duct while the absolute illuminance value 
is not considered. This is partially because of the simplification of daylight to 
rays and partially because of the way how the performance of parametric model 
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of light-duct is compared to the targeted performance. The number of 
intersection of the rays on the target surface is counted and normalized to the 
maximum count. The normalized intersection numbers are then compared to the 
normalized targeted illuminance (section 4.1.3). The normalization of the two 
sets of values is compulsory because it makes the comparisons of the 
performance possible. The drawback of normalization is that only the 
distribution through the depth contributes to the comparison result (Table 4.4) 
while the information of the absolute value is lost. This is why for the evolution 
optimized inner reflector, the absolute value does not achieve the performance 
target (Figure 4.35) while the error from the integrated evaluation method is as 




Chapter 7 Conclusion 
The thesis aims to address the problem of the optimization of daylighting 
performance of horizontal light-ducts to achieve uniform daylight distribution 
in a typical office space. The performance of the current horizontal light-duct is 
investigated and the limitation is identified: the uniformity of internal daylight 
distribution is not satisfactory and it may raises issues for visual comfort.  
A performance based design approach is proposed to improve the current design. 
A quantifiable design target for the light-duct performance is identified so that 
the performance of a design could be objectively evaluated. In this project, with 
considering relevant code and standards, the target is to achieve uniform 
illuminance value (300 lx with standard deviation 50 lx) on working plane in the 
rear half of a normal office space.   
After analyze the influences of different components of a light-duct on daylight 
distribution, the opening design on the bottom panel and inner reflector are 
chosen as the objects to optimize in this thesis. A tool chain is developed in 
Rhino-Grasshopper platform which combines three parts: a ray tracer to 
simulate light reflections inside the light-duct, a performance evaluation 
method to assess performance of the light-duct and an evolutionary algorithm 
for optimization. The parameters which define the shape of openings on the 
bottom panel and form of the inner reflector are optimized using the evolution 
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algorithm based on the performance evaluation result. The optimized bottom 
panel and inner reflector are simulated in validated lighting simulation software 
Radiance. 
The outcome of the proposed method is promising. For both of the bottom panel 
and inner reflector, the absolute value of horizontal illuminance and uniformity 
of light distribution increase after the optimization using the proposed method. 
The opening shape on the bottom panel does not have a dominating role for 
light distribution from light-duct and the optimized result still could not achieve 
the design target. On the other hand, the inner reflector has shown great 
potential to improve the performance of the light-duct and the light-duct with 
optimized inner reflector could supplement daylight from window and achieve 
uniform daylight level in a deep room.  
Different bottom panels and the optimized inner reflector are fabricated and 
measured with a 1:5 scale model of the light-duct. The measurement result 
confirmed some of the findings in the design process. Due to limitations for the 
experiment and fabrication imperfection, simulated performance of the 
optimized light-duct is not fully verified by the measurement. 
The combination of windows and the improved light-duct could provide 
uniform daylight in deep open spaces, which result an even better visual 
environment than the verified original light-duct (Courret, et al., 1998). 
Working together with anti-glare devises, such as louvers, this improved 
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light-duct could supply enough ambient light for the entire open space and 
reduce artificial lighting energy use with proper lighting controls. It could also 
have promising architectural application for buildings where good lighting 
environment is critical and with large recessed ceilings, such as museums and 
laboratories. 
 
Figure 7.1: Application example of light-duct with inner reflect for office space. 
In order to make full use of the potential of light-duct and achieve even better 
visual environment, there are still several aspects could be further explored: 
(1) Improve integrated ray tracer and evaluation method. 
With the limitations of the current ray tracer and evaluation method 
discussed in Chapter 6, future research could be on the improvement of 
the algorithm including: refraction, transmission and absorption 
property of surfaces, diffuse reflection property of surfaces, ray 
generation for different sky types and evolution method with 
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illuminance value considered. 
(2) Integrated optimization of light-duct. 
In this thesis, the design objects are the opening on the bottom panel and 
the inner reflector. They are optimized separately in the thesis while the 
correlation between these two components is not investigated. Further 
research could focus on optimizing the performance by evolving the 
openings on the bottom panel and the form of inner reflector at the same 
time. 
(3) Integrated optimization with other daylighting devices. 
This thesis assumes testing room with simple fenestration. In practice, 
anti-glare devices such as louvers are necessary to maintain visual 
comfort. The lighting condition is different with diverse daylighting 
devices and the requirement for light-duct performance also varies. The 
integrated design of light-duct with other daylighting devices is a 
potential research topic. 
(4) Parametric modeling of developable inner reflector. 
As shown in Chapter 5, the double curved surface of the inner reflector 
need to be divided and transformed before non-stretchable reflective foil 
could be laminated onto it. In practice, this process increases the risk for 
fabrication errors and may result eroded performance. One possible 
solution is to model the inner reflector as developable surface and 
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reduces the number of fractions. 
(5) Outdoor test of the light-duct. 
Due to the restrictions from available equipment, the light-duct model is 
only tested in lab with solar simulator. As discussed in Chapter 5, this 
lighting condition is different from the desired overcast sky condition. 
Outdoor test of the light-duct in the future could help verify the 
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Appendix I   
Simulation of light-duct using Radiance 
I.1 Limitation of Radiance 
Radiance is lighting simulation software which has been validated for its 
physical accuracy. However, it has difficulties for rendering of scenes with 
light-duct because of its backward ray tracing mechanism. Figure 4.5 illustrates 
the process of backward ray tracing works for a normal scene. For each pixel in 
a rendered image, light rays are emitted to the scene along the direction of view. 
The light rays are reflected by the objects in the scene and eventually some of 
the rays could be traced back to light sources. The brightness or luminance of an 
object in the scene depends on the percentage of the rays leaving this objects 
which could be traced to light sources. This algorithm works accurately and 
efficiently for a normal scene as all light sources has their location listed and 
none of them will be missed during ray tracing.  
The situation becomes different when the algorithm is applied to a scene where 
a light-duct works as the main light source. As illustrated in Figure I.1, 
comparing to window as daylighting source, light-duct opening only takes a 
small area of the scene. When random light rays emitted from view position, 
only a small proportion could hit the opening and then be traced back to the sky 
which is the actual light source. At the same time, the nature of a light-duct 
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makes the simulation process inefficient if not impossible. In order to reduce the 
computational load, ray tracing algorithms could only record and trace 
reflections a few times. The number of reflections is typically below 10 as the 
increase of this number will in geometric progression. However, in a light-duct, 
light rays could only be traced back to sky after a dozens of reflection on the 
inner surface of the light-duct. Therefore, for simulation with backward ray 
tracing algorithm, number of rays emitted from view position need to be 
increased compared to a normal scene and the maximum number of reflection 
as well. Otherwise, the luminance from the scene is underestimated. 
 
 




I.2 Photon Map plug-in for Radiance 
Researchers noticed the limitation of backward ray tracing algorithm and 
developed forward ray tracing module pmap as a supplementary algorithm 
(Schregle, 2002). The photon map is based on a (light) particle transport 
simulation, which lends its name. Each photon interacts with the objects it 
strikes and is either reflected, transmitted, or absorbed, depending on the 
characteristics of the material. A Monte Carlo sampling method is used to 
generate the reflected or transmitted directions of a photon if it survives. 
Eventually a particle is terminated either by absorption or leakage (if it leaves 
the scene), and a new photon is emitted.  
As photon map is using a forward ray tracing algorithm, photons are emitted 
from all light sources and probabilistically reradiated or absorbed upon striking 
a surface or passing through a volume, depending on its properties. The result is 
a view independent representation of the indirect illumination. In the next step, 
the indirect illumination for a point on a surface or within a volume is 
determined by finding a number of nearest photons to the point. The irradiance 




Figure I.2: Photon distribution in Pmap. Left: Global and caustic photon paths during 
forward pass. Right: Photo distribution after completion of forward pass (Schregle, 
2002).  
A validation of the Radiance photon map based on photometric measurements 
conducted at Fraunhofer ISE indicates the algorithm is not only comparable in 
accuracy to Radiance Classic (both within 10% of measurement), but also faster 
in most cases. 
For simulation of a light-duct, simulation results of illuminance values between 
Radiance with forward ray tracing plug-in is compared to original Radiance 
which use only backward ray tracing. A testing room 
(3000mm*3000mm*3000mm) is modeled with no windows but an opening for 
light-duct. Therefore, the room is only illuminated by the light-duct. A surface 
is modeled at 750mm height which represented a normal table in this office. 
Inner surfaces of the office, both of the walls and the ceiling, were modeled as 




Figure I.3: Testing room with light-duct as the only light source. 
A light-duct which is 7500mm long, 1500mm wide and 500m high is modeled 
together with a collector whose shape is optimized for overcast sky (Figure I.3). 
The opening at the end of the light-duct is equipped with anidolic diffuser. This 
opening is located to match the opening on the ceiling. Inner surfaces of the 
light-duct were modeled with material with 98% reflectance. As the room is 
only light up with lights distributed from light-duct, the performance of these 
two algorithms in case of light-duct simulation should be fairly compared.   
To compare the results, illuminance images are rendered with two view settings: 
viewing up under the diffuser and viewing down above the table, both with 




Figure I.4: Rendering result of light-duct and testing room. Left: Light-duct opening 
with anidolic diffuser. Right: Top view of the table inside the testing room. 
To visually examine the illuminance distribution, illuminance values within 
different ranges are mapped with different color and the false color images as 
shown in Figure I.5. In Figure I.5(a) and I.5(b), illuminance distribution around 
the light-duct opening are compared between the pmap forward ray tracing 
result and original Radiance backward ray tracing results. Illuminance values 
between 0 to 4000 lx are mapped to the color scale and illuminance values 
beyond 4000 lux are all mapped to red. As shown in the two images, pure red 
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color of light-duct opening in Figure I.5(a) suggested that its illuminance value 
is more than 4000 lux. In fact, average illuminance value is over 6000 lux. In the 
contrast, as shown in Figure I.5(b), the illuminance value of light-duct opening 
result from backward ray tracing is below 2000 lux. Similar situations also 
occur for the examination of illuminance values on the table. As shown in 
Figure I.5(c) and I.5(d), average illuminance values of the table from pmap 
forward ray tracing is around 270 lux while the value result from backward ray 
tracing is below 100 lux.  
Therefore, in both cases: light-duct opening and table lighted up by the 
light-duct, illuminance values result from pmap forward ray tracing suggested a 
much high value than original Radiance backward ray tracing. As these results 
are rendered by pmap forward ray tracing and original backward ray tracing 
with same scene, same geometry, same weather condition and same view, 
considering the limitation of original backward ray tracing discussed in session 
II.1, pmap forward ray tracing algorithm is a more suitable simulation method 
for light-duct simulation and it delivers a more accurate result. All illuminance 









Figure I.5: False color mapped illuminance result of opening and table. (a) Forward ray 
tracing of opening. (b) Backward ray tracing of opening. (c) Forward ray tracing of table.  





Appendix II   
Source code of the ray tracer 


























//Code generated by Grasshopper(R) (except for RunScript() content and Additional content) 
//Copyright (C) 2012 - Robert McNeel & Associates 
[System.Runtime.CompilerServices.CompilerGenerated()] 
public class Script_Instance : IGH_ScriptInstance 
{ 
#region Members 
  /// <summary>List of error messages. Do not modify this list directly.</summary> 
  private List<string> __err = new List<string>(); 
 
  /// <summary>List of print messages. Do not modify this list directly, use the Print() and 
Reflect() functions instead.</summary> 
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  private List<string> __out = new List<string>(); 
  /// <summary>Represents the current Rhino document.</summary> 
  private RhinoDoc doc = RhinoDoc.ActiveDoc; 
 
  /// <summary>Represents the Script component which maintains this script.</summary> 
  public IGH_ActiveObject owner; 
#endregion 
 
#region Utility functions 
  /// <summary>Print a String to the [Out] Parameter of the Script component.</summary> 
  /// <param name="text">String to print.</param> 
  private void Print(string text) 
  { 
    __out.Add(text); 
  } 
 
  /// <summary>Print a formatted String to the [Out] Parameter of the Script 
component.</summary> 
  /// <param name="format">String format.</param> 
  /// <param name="args">Formatting parameters.</param> 
  private void Print(string format, params object[] args) 
  { 
    __out.Add(string.Format(format, args)); 
  } 
 
  /// <summary>Print useful information about an object instance to the [Out] Parameter of 
the Script component. </summary> 
  /// <param name="obj">Object instance to parse.</param> 
  private void Reflect(object obj) 
  { 
    __out.Add(GH_ScriptComponentUtilities.ReflectType_CS(obj)); 
  } 
 
  /// <summary>Print the signatures of all the overloads of a specific method to the [Out] 
Parameter of the Script component. </summary> 
  /// <param name="obj">Object instance to parse.</param> 
  private void Reflect(object obj, string method_name) 
  { 
    __out.Add(GH_ScriptComponentUtilities.ReflectType_CS(obj, method_name)); 





  /// <summary> 
  /// This procedure contains the user code. Input parameters are provided as regular 
arguments, 
  /// Output parameters as ref arguments. You don't have to assign output parameters, 
  /// they will be null by default. 
  /// </summary> 
  private void RunScript(List<Point3d> points, List<Vector3d> direction, int numRef, 
List<Brep> reSrf, List<Brep> tarSrf, List<Brep> bouSrf, ref object interRay, ref object 
firstRay, ref object lastRay, ref object onTar, ref object onBou) 
  { 
 
    //one know case this can not handle is target brep is in between reSrf(reflective surfaces) 
    //also can not handle bouSrf in between reSrf, but this should not happen 
    DataTree < Point3d > firstTree = new DataTree<Point3d>(); 
    DataTree < Point3d > lastTree = new DataTree<Point3d>(); 
    DataTree < Point3d > interTree = new DataTree<Point3d>(); 
    List<Point3d> pointOnBou = new List<Point3d>(); 
    List<Point3d> pointOnTar = new List<Point3d>(); 
    //DataTree < IntersectPoint > interPoints = new DataTree<IntersectPoint>(); 
    //loop for each incoming ray, each ray take one branch in the datatree 
    for(int n = 0;n < points.Count; n++) 
    { 
      IntersectPoint[] interPoints; 
      //get intersection points 
      interPoints = genIntersec(points[n], direction[n], reSrf, numRef); 
      GH_Path branchPath = new GH_Path(n); 
      //case no intersection points on reSrf, no interRay, no lastRay 
      if(interPoints == null){ 
        firstTree.Add(points[n], branchPath); 
        Point3d[] bouP = genMinDisP(points[n], direction[n], bouSrf); 
        Point3d[] tarP = genMinDisP(points[n], direction[n], tarSrf); 
        //if ray does not hit boundry, Print warning for this ray 
        if(bouP == null) Print("Warning: no reflection, no Bounding surface at ray {0}, should 
not happen....", n); 
          //ray does not hit target, use boundry 
        else if(tarP == null) 
        { 
          firstTree.Add(bouP[0], branchPath); 
          pointOnBou.Add(bouP[0]); 
        } 
          //ray hit both boundry and target, use shorter one 
        else if(tarP[0].DistanceTo(points[n]) > bouP[0].DistanceTo(points[n])) 
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        { 
          firstTree.Add(bouP[0], branchPath); 
          pointOnBou.Add(bouP[0]); 
        } 
        else { 
          firstTree.Add(tarP[0], branchPath); 
          pointOnTar.Add(tarP[0]); 
        } 
      } 
        //thre are reflection on reSrf 
      else{ 
        firstTree.Add(points[n], branchPath); 
        firstTree.Add(interPoints[0].Point, branchPath); 
        //record back side reflection, default false: no back side reflection 
        bool checkBack = false; 
        for(int q = 0;q < interPoints.Length;q++){ 
          if(interPoints[q].Normal == false) 
          { 
            checkBack = true; 
            break; 
          } 
          interTree.Add(interPoints[q].Point, branchPath); 
        } 
        //case of back side reflection 
        if(checkBack){ 
          Print("Ray {0} terminate at backside of reSrf", n); 
          //case first interaction is at backside, no value in interTree, no last ray 
          //else last ray is the ray shoot on backside 
          if(interPoints[0].Normal == true){ 
            lastTree.Add(interPoints[interTree.Branch(branchPath).Count - 1].Point, 
branchPath); 
            lastTree.Add(interPoints[interTree.Branch(branchPath).Count].Point, 
branchPath); 
          } 
        } 
          //case no back side reflection 
        else{ 
          //case maximum number of reflection exceeded, print warning 
          if(interPoints.Length == numRef) 
          { 
            Print("Warning:Maximum number of reflecion exceeded at ray {0}", n); 
            continue; 
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          } 
          //get last ray for reflecions end up on tarSrf or BouSrf 
          //second last ray which shoot on reflector, 
          lastTree.Add(interPoints[interTree.Branch(branchPath).Count - 1].Point, 
branchPath); 
          Vector3d secLastV = new Vector3d(); 
          if(interTree.Branch(branchPath).Count == 1){ 
            Line secLastLine = new Line(interPoints[interTree.Branch(branchPath).Count - 
1].Point, points[n]); 
            secLastV = secLastLine.Direction; 
          } 
          else{ 
            Line secLastLine = new Line(interPoints[interTree.Branch(branchPath).Count - 
1].Point, interPoints[interTree.Branch(branchPath).Count - 2].Point); 
            secLastV = secLastLine.Direction; 
          } 
          //find normal at last reflection, lastNormal 
          double u = 0; 
          double v = 0; 
          //Point3d lastPoint; 
          interPoints[interTree.Branch(branchPath).Count - 
1].Brep.Faces[0].ClosestPoint(interPoints[interTree.Branch(branchPath).Count - 1].Point, 
out u, out v); 
          Vector3d lastNormal = interPoints[interTree.Branch(branchPath).Count - 
1].Brep.Faces[0].NormalAt(u, v); 
          secLastV.Rotate(3.1415926, lastNormal); 
 
          Point3d[] bouP = genMinDisP(interPoints[interTree.Branch(branchPath).Count - 
1].Point, secLastV, bouSrf); 
          Point3d[] tarP = genMinDisP(interPoints[interTree.Branch(branchPath).Count - 
1].Point, secLastV, tarSrf); 
 
          //if ray does not hit boundry, Print warning for this ray 
          if(bouP == null) Print("Warning: no reflection, no Bounding surface at ray {0}, 
should not happen....", n); 
            //ray does not hit target, use boundry 
          else if(tarP == null) 
          { 
            lastTree.Add(bouP[0], branchPath); 
            pointOnBou.Add(bouP[0]); 
          } 
            //ray hit both boundry and target, use shorter one 
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          else if(tarP[0].DistanceTo(interPoints[interTree.Branch(branchPath).Count - 
1].Point) > bouP[0].DistanceTo(interPoints[interTree.Branch(branchPath).Count - 1].Point)) 
          { 
            lastTree.Add(bouP[0], branchPath); 
            pointOnBou.Add(bouP[0]); 
          } 
          else { 
            lastTree.Add(tarP[0], branchPath); 
            pointOnTar.Add(tarP[0]); 
          } 
        } 
      } 
    } 
    firstRay = firstTree; 
    interRay = interTree; 
    lastRay = lastTree; 
    onBou = pointOnBou; 
    onTar = pointOnTar; 
  } 
 
  //<Custom additional code>  
  //return nearest intersect point 
  private Point3d[] genMinDisP(Point3d rayPos, Vector3d rayDir, List<Brep> refSur){ 
    double minDis = 100000000; 
    Point3d minDisP = new Point3d(); 
    double lineLength = 100000000; 
    Line checkLine = new Line(rayPos, rayDir, lineLength); 
    NurbsCurve checkCurve = checkLine.ToNurbsCurve(); 
    double tolerance = 0.001; 
    Curve[] overlapCurve; 
    Point3d[] checkP; 
    bool intersect = false; 
    //get intersect point on each brep, find the mindistance 
    for(int i = 0;i < refSur.Count;i++){ 
      Rhino.Geometry.Intersect.Intersection.CurveBrep((Curve) checkCurve, refSur[i], 
tolerance, out overlapCurve, out checkP); 
      if(checkP.Length != 0){ 
        double dis = rayPos.DistanceTo(checkP[0]); 
        if(dis < minDis){ 
          minDis = dis; 
          minDisP = checkP[0]; 
          intersect = true; 
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        } 
      } 
      else{} 
    } 
    if(intersect){ 
      Point3d[] returnP = new Point3d[1]; 
      returnP[0] = minDisP; 
      return returnP; 
    } 
    else return null; 
  } 
 
  private IntersectPoint[] genIntersec(Point3d rayPos, Vector3d rayDir, List<Brep> refSur, int 
maxRef){ 
    //InterP record all points and their properties, will be returned 
    IntersectPoint[] interPoints = new IntersectPoint[maxRef]; 
    //temp record intersec point of brep and curve 
    //Point3d[] checkP; 
    //count number of reflections 
    int refCount = 0; 
 
    //check if line intersec with any brep, default no intersect 
    bool intersect = false; 
    //initial ray equals to incoming ray 
    Point3d currentPos = rayPos; 
    Vector3d currentDir = rayDir; 
    //Print("start position {0} dir {1}", currentPos, currentDir); 
 
    //loop for each new reflection 
    do 
    { 
      //default no intersection 
      intersect = false; 
      //get check line from ray 
      Line checkLine = new Line(currentPos, currentDir, 100000); 
      NurbsCurve checkCurve = checkLine.ToNurbsCurve(); 
      //get intersec with all brep 
      Point3d[][] checkP = new Point3d[refSur.Count][]; 
      Curve[] overlapCurve; 
      double tolerance = 0.001; 
      //smallest distance from ogirinal point to intersec point 
      double minDis = 1000000; 
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      //record number of brep which has minDis 
      int minDisBrep = 0; 
      //find nearest intersec brep, get the point, i loop for brep 
      for(int i = 0; i < refSur.Count;i++){ 
        //for brep(refSur[i]), get intersect point at checkP[i], only checkP[i] matters 
        Rhino.Geometry.Intersect.Intersection.CurveBrep((Curve) checkCurve, refSur[i], 
tolerance, out overlapCurve, out checkP[i]); 
        //if intersect, 
        if(checkP[i].Length != 0){ 
          //if reflect on the same brep, check number of intersect points 
          //in case one intersection, it is the currentPos, skip, if more than one 
          //intersection, reflec on this brep, record second intersection point 
          if(refCount != 0 && refSur[i] == interPoints[refCount - 1].Brep) 
          { 
            if(checkP[i].Length == 1)continue; 
            else checkP[i][0] = checkP[i][1]; 
          } 
          //change intersect status, go to next do/while loop of intersection check 
          intersect = true; 
          //find minDistance, record point,brep number 
          if(currentPos.DistanceTo(checkP[i][0]) < minDis) 
          { 
            minDis = currentPos.DistanceTo(checkP[i][0]); 
            minDisBrep = i; 
          } 
        } 
      } 
 
      if(intersect){ 
        interPoints[refCount] = new IntersectPoint(); 
        interPoints[refCount].Point = checkP[minDisBrep][0]; 
        interPoints[refCount].Brep = refSur[minDisBrep]; 
        //check which side it refect 
 
        //find normal at last reflection, lastNormal 
        double u = 0; 
        double v = 0; 
        refSur[minDisBrep].Faces[0].ClosestPoint(checkP[minDisBrep][0], out u, out v); 
        Vector3d thisNormal = refSur[minDisBrep].Faces[0].NormalAt(u, v); 
        //check whether front reflection or back, true for front side reflection, false for back side 
        if(Rhino.Geometry.Vector3d.VectorAngle(currentDir, thisNormal) > 1.5707963265){ 
          interPoints[refCount].Normal = true; 
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        } 
        else interPoints[refCount].Normal = false; 
        //get vector for outgoing ray, newDir 
        Vector3d newDir = currentDir; 
        newDir.Reverse(); 
        newDir.Unitize(); 
        //rotate second last line 180 degree to generate outgoing ray 
        newDir.Rotate(3.1415926, thisNormal); 
        //set ray for next do/while loop, next reflection 
        currentPos = checkP[minDisBrep][0]; 
        currentDir = newDir; 
        //Print("refCount {0} find brep {1}, normal {2} intersect{3}", refCount, minDisBrep, 
interPoints[refCount].Normal, intersect); 
        refCount++; 
      } 
      else{ 
        interPoints[refCount] = null; 
      } 
 
    }while(intersect && refCount < maxRef); 
 
    //Print("ref Count{0}", refCount); 
    if(refCount == 0){ 
      return null; 
    } 
    else{ 
      IntersectPoint[] returnPoints = new IntersectPoint[refCount]; 
      for(int i = 0;i < refCount;i++){ 
        returnPoints[i] = interPoints[i]; 
      } 
      return returnPoints; 
    } 
 
  } 
  public class IntersectPoint 
  { 
    private Point3d point; 
    private Brep brep; 
    private bool normal; 
    public Point3d Point{ 
      get 
      { 
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        return point; 
      } 
      set 
      { 
        point = value; 
      } 
    } 
    public Brep Brep{ 
      get 
      { 
        return brep; 
      } 
      set 
      { 
        brep = value; 
      } 
    } 
    public bool Normal{ 
      get 
      { 
        return normal; 
      } 
      set 
      { 
        normal = value; 
      } 
    } 
 
    // public IntersectPoint(Point3d n, bool b) 
    //{ 
    //  point = n; 
    //brep = new Brep(); 
    //  normal = b; 
    //} 
  } 
  //</Custom additional code>  
 
}  
 
